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ABSTRACT 
This research investigated the effects of chronic exposure of amphibian tadpoles and 
acute exposure of embryos to the agricultural chemical atrazlne. 
Tadpoles were chronically exposed from the first feeding stage through metamorphosis 
to three levels of atrazine. Concentrations of 30, 300 and 600 |ig/L reflect exposures likely 
to occur in streams, wetlands and temporary waters near croplands. Cricket fi'ogs {Acris 
crepitans), wood frogs {Rana sylvatica) and northern leopard frogs {R. pipiens) were 
evaluated on rate of growth, days to metamorphosis, metamorphic success, and juvenile 
weight and length. A repeated measures ANOVA evaluated the rate of growth (increase in 
SVL and weight gain) over the first three weeks of exposure. Other endpoints were 
compared with a single factor ANOVA. There were no significant differences for R. sylvatica 
or R. pipiens. The most notable results are a significant (P < 0.05) Increase in days to 
metamorphosis and decrease of post-metamorphic dry weight for A. crepitans when 
exposed to 300 and 600 |ig/L of atrazine. Relating these results to life history characteristics 
suggests a reason for concern over environmental exposures. Metamorphic cricket frogs 
emerge from breeding waters in late summer, and they apparently reach full adult size prior 
to hibemating about two months later. Delayed metamorphosis and low body weight at 
emergence may reduce their ability to survive hibernation. 
The Frog Embryo Teratogenesis Assay-Xenopws (FETAX) procedure exposes South 
African clawed frog {Xenopus laevis) embryos for 96 hours to a range of chemical 
concentrations. The percentage of embryos exhibiting terata is used to estimate an effective 
concentration (EC50). The 96-h EC50 (terata) for pure atrazine (13.4 ± 5.2 mg/L) was not 
significantly different from atrazine when in a 1:1 combination with metolachlor (14.3 ± 2.5 
mg/L), a herbicide often formulated with atrazine. Neither was there a significant difference 
between the EC50s for pure metolachlor (15.2 ± 3.1 mg/L) and the 1;1 combination with 
atrazine (10.5 ± 2.8 mg/L, p = 0.069). In a separate FETAX study, pure atrazine was 
compared to two commonly applied commercial products. There were no significant 
differences In estimated EC50s between pure atrazine and a 41 percent liquid or a 90 
percent emulsifiable granule formulation. 
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CHAPTER ONE 
GENERAL INTRODUCTION 
Introduction 
My goal in undertaking the research presented in this dissertation was to bring together 
two broad fields of biology, herpetology and toxicology. North American amphibians and 
reptiles have historically been relatively easy to locate and observe in suitable habitats. 
There are indications that this situation is changing rapidly due to widespread population 
declines (1). Toxicology originated in the human health field to address serious illness 
caused by exposure to natural or synthetic chemicals (2). Such exposure is increasingly an 
involuntary consequence of the burgeoning chemical industry that developed rapidly during 
the 20th Century. Ecotoxicology, a recent specialization within toxicology, examines the 
impacts of environmental exposures on nonhuman populations and communities (2). By 
using amphibians as toxicological test subjects, I attempted to estimate the response of 
native species to agricultural chemicals commonly found in North American surface waters. 
By taking an ecotoxicological approach, it was my hope to provide some insight into the 
causes for declining amphibian populations. 
The discipline of ecotoxicology developed primarily in response to environmental 
legislation enacted during the 1960s and 1970s. The first objective of ecotoxicology is to 
protect populations and communities from exposure to toxic materials at concentrations that 
are or may be associated with adverse effects (2). In contrast to traditional toxicology with 
its emphasis on human health, ecotoxicologists are often able to experiment directly on the 
species of interest. Since natural communities consist of diverse organisms that range from 
unicellular species to non-human vertebrates, the choice of a test species is not a trivial 
task. If the tested species is to represent the highest level of risk to the community as a 
whole, it should be essential to the proper functioning of the multi-level interactions of the 
community (3). Such 'keystone' species may be more or less sensitive to the effects of 
certain toxic materials than other species whose role is not central to the function of the 
community (3). When the goal is to protect populations, the role of a species in the 
community is less of a concern, but its sensitivity to toxic materials becomes the major 
determinant for its use. 
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The physiological, life history and ecological diversity among potential test species 
contributed to the difficulty, if not impossibility, of developing a single test method that can 
be applied across all levels of organisms. In addition, meeting the regulatory needs of 
environmental laws greatly influenced the development of ecotoxicological methods that are 
easily replicable within and reproducible between laboratories (4). As a consequence of 
these biological and regulatory constraints, the standard repertoire of ecotoxicological 
methods is limited to relatively few species (5). The most common toxicity test procedures 
for acute and chronic effects generally expose a single species. The fathead minnow 
{Pimephales promelas) is preferred for freshwater full life cycle tests, but additional species 
are acceptable for eariy-life stage tests. Several more fish species appear on the list 
suggested for acute toxicity tests, such as several species of trout and salmon, goldfish and 
sunfish species. The amphibian genera Rana and Bufo are indicated, but no preferred 
species indicated (5). It is uncertain whether these standard methods sufficiently predict the 
effects of field exposures to the materials tested (2). Safety factors are applied to test 
results, because of this uncertainty, in the hope of providing adequate protection for natural 
ecosystems. 
Amphibian species have received limited attention as toxicological subjects. This may 
be due, in part, to the complex life history many exhibit The larval period of many species is 
spent in freshwater habitats, while adults are either amphibious or terrestrial. This biphasic 
existence may be interpreted in two ways. The ability to move between habitats might be 
considered a means of limiting the risk of environmental exposure, so there is little reason 
to look for adverse effects in amphibians. Alternatively, it may be interpreted as an 
increased risk of adverse effects by restricting the young to aquatic environments during 
sensitive larval stages (6). As aquatic larvae, amphibians are protected indirectly by the 
laws that regulate surface waters in the United States. The Clean Water Act protects 
commercially or recreationally important wildlife species. Implementation of this law focuses 
on maintaining harvestable fish populations. It is often assumed that exposure limits 
adequate for protecting fish will also protect amphibian larvae; in other words, fish are 
considered to be the 'most sensitive' vertebrate group in freshwater habitats (7). 
I contend that toxicological results obtained for fish species should not be used for 
determining the environmental exposure levels sufficient to protect amphibians. Larvae are 
not fish, and adults are not comparable to other tetrapod vertebrates. Although there is a 
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superficial resemblance between fish and the early, legless forms of tadpoles and 
salamander larvae, physiological differences exist between the two groups (8). Many of 
these differences persist into the adult forms, which may make amphibians more 
susceptible to environmental exposures than other vertebrates (8). 
Young of most North American frogs and toads (Order Anura) reside in shallow and/or 
ephemeral ponds, marshes, sluggish streams and flooded drainage ditches while 
developing from egg to juvenile (9). With the possible exception of the fathead minnow, 
such areas are seldom occupied by the standard fish species used for toxicological studies 
(trout, Oncorhynchus mykiss and Salvelfnus fontanalis] channel catfish, Ictalurus punctatus; 
bluegill, Lepomis macrochirus) (5). This difference in habitat preference is reflected in the 
laboratory methods used for fish studies. Flow-through exposure systems completely 
replace the solution volume at least five times per day (10). For tadpoles adapted to 
standing water, this flow rate may be an additional environmental stressor that contributes 
to mortality (11). 
Amphibian presence in either aquatic or terrestrial habitats may be essential for proper 
function of the community. The herbivorous nature of anuran larvae is essential to the 
ecosystem function in some aquatic habitats (12). Both life stages play significant roles in 
predator-prey relationships. Larvae are food items for a large number of predatory 
invertebrate species, as well as many types of vertebrate predators, including other 
amphibians. Adults prey mostly on invertebrates, with prey selection limited only by gape 
size. In turn, adults serve a wide range of consumers: basically anything will eat an 
amphibian (8). This suggests the potential for amphibians to be keystone species in certain 
habitats (13). As such, the effect of environmental exposures to amphibians should be 
examined to protect community function. 
There is growing interest in protecting wildlife species with aesthetic appeal, in addition 
to those with commercial or recreational value. Amphibian species, especially anurans, 
have several characteristics that many people find endearing. Diurnal frogs are readily 
apparent when disturbed by persons entering suitable habitats, while noctumal toads and 
treefrogs may be resident near gardens and human dwellings. The small size and unique 
morphology permit anurans to be readily identified as non-threatening creatures. Anurans 
are also the only vocal group of amphibians, producing easily recognized calls during the 
breeding season. Increased interest in all types of amphibians, from all regions of the world. 
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is apparent by their widespread appearance in the pet trade. It is also widely accepted that 
many amphibian populations are smaller than in past decades. The apparent swiftness with 
which these population declines occurred, along with well-publicized cases of amphibian 
malformations, has brought the environmental health of amphibian populations under 
greater scrutiny than in the past (14). 
There are at least four reasons why amphibians should be promoted as toxicological 
subjects: 1) physiological characteristics unique to this group of vertebrates, 2) occurrence 
of amphibians in environmental situations where commonly tested species are not found, 3) 
importance of amphibians to the function of certain communities, and 4) a desire to 
understand the causes of population declines and to prevent further losses. These concems 
motivated the research presented in the following chapters. It was necessary to define a 
specific problem that could be sufficiently addressed within the structure of a graduate 
program. The benefits and difficulties associated with using local amphibian species as 
toxicological subjects were examined by limiting the analyses to the effects produced by a 
commonly encountered chemical. Atrazine was the obvious choice because it is widely 
used in the production of com, the major crop grown in the Upper Midwest where these 
studies were conducted. In addition, application practices result in the highest 
environmental levels in habitats where some native amphibian species are likely to be 
reproducing. Studies of various application and tillage practices indicate that a substantial 
amount of applied atrazine is camed into adjacent surface waters with field runoff (15,16) 
The specific questions addressed can be divided into two categories: those associated 
with chronic exposure to environmentally relevant concentrations, and those better 
examined with acute exposures to high concentrations using a standardized method. 
Chronic studies using pure atrazine evaluated its effect on early growth rate of larvae, rate 
of development as measured by days to metamorphosis, and juvenile weight and length. 
Three North American species were used in chronic exposure studies to determine if 
various life history strategies among amphibians influenced the expression of atrazine-
induced effects. The acute toxicity of two commercial atrazine formulations and the effect of 
combining atrazine with metolachlor were examined using embryos of Xenopus laevis. 
These short-temn tests simulated the chemical combinations used in field applications in 
order to understand better the risks of exposure to atrazine encountered by amphibians in 
real worid situations. 
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Dissertation organization 
As stated in the previous section, the investigations conducted by the author and 
associates from 1995 to 1998 integrated several disciplines in biology. The literature review 
that forms the bulk of this introductory chapter develops the necessary background in each 
of these areas to support the research and results presented in Chapters Two, Three and 
Four. The terms and concepts used herein should be familiar to most scientists with a 
general biological background, with the exception of terms that have specific definitions 
when used in toxicology. Appendix A contains a glossary of terms that will make the 
following material easier to interpret. Appendix B presents selected toxicological and 
chemical information as an aide to understanding the relative toxicity of the chemicals 
tested. Specific physical characteristics for atrazine and metolachlor are also summarized in 
Appendix B. 
Chapter Two addresses the effects observed among several anuran species from 
exposure throughout the larval period to three concentrations of atrazine. Chronic exposure 
began at the time tadpoles started feeding and continued until forelimb emergence signaled 
the onset of metamorphic climax. Appendix C provides data summaries for chronic tests. 
Use of the FETAX protocol to compare the acute toxicity of atrazine in combination with 
metolachlor is presented in Chapter Three. Differences in response between reagent grade 
atrazine and commercial fomnulations are addressed in Chapter Four. The results are 
compared to previously reported FETAX results for atrazine (17) and to a recent report that 
used the northern leopard frog (Rana pipiens) as the test organism (18). Sample forms for 
recording FETAX data and a diagram of a normal Xenopus laevis larva are found in 
Appendix D. Summaries of FETAX test results are listed in Appendix E. Chapter Five 
concludes the dissertation with a general summary of the broad lessons learned from the 
research and suggestions for the future use of amphibians as toxicological test subjects. 
Literature review 
Background on amphibians and population status 
The Class Amphibia consists of 4000 or more extant species, or about the same 
number as all living mammal species (8). These are unequally divided into three orders; the 
mostly tropical, snake-like Order Gymnophiona (c. 160 species), salamanders and newts in 
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Order Urodela (350 or more species), with all remaining species comprised in Order Anura 
(c. 3500 species) the familiar toads and frogs (19). Except for a few remote island groups, 
amphibians are found in all regions of the globe from subarctic tundras throughout the 
tropics. Population size of amphibians may be equal to or greater than the total mammalian 
population in most areas. As an example, even after several decades of decline the 
population sizes for Rana temporaria and Bufo bufo in Britain number in the tens of millions, 
or roughly equivalent to the human population of Britain (19). 
Amphibians form a significant portion of the biota in all but marine habitats, and are 
important components of many ecosystems. In some cases, they form the highest fraction 
of vertebrate biomass. Burton and Likens determined that the biomass of salamanders in an 
eastem deciduous forest was larger than any other terrestrial vertebrate group (13). 
Amphibians serve a central role in trophic interactions as top carnivores on invertebrates 
and other vertebrates, while being preyed on by fish, birds, mammals and aquatic insects 
(19). Disappearance of one or more species from a habitat could have significant 
consequences on other populations in the ecosystem (19). 
When the first Worid Congress of Herpetology convened in 1989, even the 
herpetologists did not agree that there was a global decline in amphibian populations (19). 
Within a year, it was apparent that it was not only true, but that losses were dramatic 
enough to threaten the future existence of numerous species. An emergency workshop 
convened by the National Research Council (USA) in January 1990 was charged with 
assessing the situation. Blaustein and Wake presented the consensus of the participants 
who found natural stochastic events difficult to invoke as explanations for the worid-wide 
decline of an entire class of animals (1). Recent analyses of population trends suggest that 
a single dramatic global decline has not occurred, but that heightened awareness in recent 
years has made longer term processes apparent (20). For many species, population 
declines appear to have begun in the early to mid-1970s. Unless all human alteration of 
habitats and the environment are considered together, there is no single factor that can 
explain the global declines in amphibian populations. In cases where the causes for decline 
are known, they appear to be local in nature, but with an alarming prevalence in all areas of 
the worid (1,21) 
The general pattem of amphibian population declines has eluded explanation. Declines 
are marked in some areas, while in other areas amphibians continue to flourish (21). 
7 
Species are disappearing from apparently pristine areas, as well as from highly altered 
landscapes (21). In some regions of the Colorado Rockies, species in decline co-occur with 
species that are apparently unaffected. Additionally, declining and thriving species may be 
congeneric, suggesting that higher taxonomic differences are not correlated with the 
declines (21). 
Lannoo suggested that a single cause does not adequately explain many local declines 
and extinctions (22). Amphibians may be sensitive indicators for a variety of environmental 
stresses because of their complex life histories; a reliance on both aquatic and terrestrial 
habitats combines the effects of both habitats within a single organism. The immediate 
causes for declines may be a complex interaction of competition with other species, loss of 
aquatic habitats, alteration of terrestrial habitats, acidification, or pollution of the 
environment (20). There is a concern that amphibians may be particularly susceptible to 
environmental pollution. Amphibians may have an increased susceptibility due to the highly 
permeable skin in both larvae and adults that permits rapid absorption of toxic substances 
(23). Eariy studies found amphibian eggs sensitive to pollutants at concentrations that had 
no effect on larvae or adults, but which result in lengthened development and abnomrialities 
of young (24). 
Many amphibians have naturally variable population sizes, which may make them 
prone to extinction (21). A 12-year study at the Savannah River Ecological Laboratory found 
little or no recruitment from some ponds during years when drought conditions prevailed. 
Individuals from deeper ponds nearby quickly recolonized these sites during years with 
adequate rainfall (25). This suggests the need for long-term monitoring to determine 
accurately population stability, with trends being more sensitive indicators of population 
status than annual counts (21). It also emphasizes the importance of a source population 
for recolonization following local extinction. Amphibians face significant constraints on 
recolonization; foremost among these are the physiological needs of individuals. Intervening 
habitats may be inhospitable for water balance and thermoregulation requirements. 
Movements may only be possible during relatively brief periods when environmental 
conditions are favorable, and during short periods of the annual activity cycle (26). When 
they do move, amphibians generally relocate shorter distances than other small-bodied 
tetrapods. Major relocation occurs during spring migration to summer home ranges, within 
which there is limited movement (26). A long-temn field study found that it took 12 years for 
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Rana cascadae to recolonize a lake from a source population less than 2 kilometers distant 
(21). Some species also exhibit extreme site fidelity. Of 83 treefrogs displaced an average 
of 274 meters from their home ranges, 77 percent retumed within a month (27). By 
considering these limitations, it is understandable that disjunct populations stand a 
considerable risk of extinction when populations decline, either from natural or human 
induced causes. 
Amphibians in the Midwestern United States have experienced both declines in 
numbers and complete disappearance from many sites (14). The two species of anurans of 
greatest concern are the northern leopard frog {Rana pipiens Schreber) and northern cricket 
frog {Acris crepitans Baird). Similar to other areas, serious declines were documented 
during the 1970s (22,28). The Minnesota Department of Natural Resources prohibited the 
commercial harvesting of mature leopard frogs in 1975 because of declining populations. 
Surveys of 12 counties still recorded a 50 percent decline in frogs between 1975 and 1976 
(28). McKinnell recorded similar declines at field collection sites: where mature males were 
readably obtained in the mid-1960s, no frogs were found in 1977 (28). Cricket frogs were 
abundant in southwestern Wisconsin in the 1950s, but rapid declines were noted during the 
1970s. In 1982, the Wisconsin Department of Natural Resources listed cricket frogs as an 
endangered species (29). Similar population declines in these and other amphibian species 
have been documented throughout the Midwest. 
Settlement of the Midwestern landscape converted the original prairie and wetlands to 
agricultural use, reducing the number of habitats suitable for amphibian breeding and 
hibernation. This historical effect does not explain the dramatic disappearance of 
amphibians from some areas in the past four decades (30). Use of land for agriculture does 
not preclude the presence of amphibians in drainage ditches, farm ponds, erosion control 
impoundments, wetland buffer areas, seasonally flooded fields, or tailwater pits for irrigation 
waters. Such areas may provide the warm, shallow, fish-free waters best suited for rapid 
larval development. An analysis of anuran breeding call surveys in Iowa and Wisconsin 
suggests that several anuran species, including leopard frogs and perhaps cricket frogs, are 
positively correlated with agricultural areas (31). This is evidence that the nearly 
synchronous movement of breeding adults to suitable habitats results in the deposition of 
embryos in waters associated with agricultural use. Although timing of the spring breeding 
season is influenced by climatic conditions, it generally extends from spring to eariy summer 
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for both northern cricket and northern leopard frogs (32). This is also the time when 
agricultural chemical applications are made for the control of weeds and invertebrate pests 
(33). Therefore, it appears likely that developing embryos are exposed to agricultural 
chemicals entering surface waters as runoff fi'om treated fields. 
Herbicides inciuded in studies 
Atrazine 
Triazines herbicides were first synthesized by the Geigy Chemical Company (Basel, 
Switzeriand) in the eariy 1950s (34). The central structure of this chemical family consists of 
three nitrogen and three carbon atoms distributed symmetrically or asymmetrically around a 
six-member ring (35). Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-s-triazine) 
has a symmetrical ring which is resistant to microbial attack, therefore providing adequate 
persistence in the soil for preemergence applications. Figure 1 (33). It was developed in 
1952, patented in Switzeriand in 1956, and first registered for commercial use in the United 
States in 1959 (34,36). It quickly became the most widely used herbicide in grain crop areas 
and remains so to this time. It provides selective control of broadleaf and grassy weeds in 
com, sorghum, sugarcane, pineapple, Christmas trees, other grain crops, and conifer 
restoration plantings. Non-crop uses include weed control on industrial sites and fallow land 
(37). 
All plants absorb atrazine through the roots, and to a lesser degree through the foliage, 
for translocation to growing plant tips, where it accumulates (35,37). Here, atrazine 
interrupts Photosystem II, which uses chlorophyll to convert short wavelength light to 
chemical energy. When Photosystem II is dysfunctional, insufficient energy is produced for 
Figure 1. Molecular Stnjcture of the Herbicide Atrazine (2-chloro-4-ethylamino-6-
isopropylamino-1,3,5-triazine) CAS No. 1912-24-9 (35). 
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growth, especially in seedlings of susceptible species (35). The response of plants to the 
effects of atrazine is a function of both concentration and length of exposure (dose rate). 
Photosynthate production is hindered only while a threshold level of atrazine is exceeded, 
and plants recover quickly when exposure declines (35). Tolerant plants, such as com and 
sugarcane, absorb as much atrazine as susceptible species, but contain enzymes that 
quickly metabolize atrazine to much less phytotoxic degradation products (35). The 
selective effectiveness of triazines, in general, depends on the relative rates of uptake and 
metabolism by plants (35). 
Although atrazine is used on a variety of agricultural crops throughout the worid, the 
main application area is the US Midwest and southem Ontario. The 12-state 'com belt' 
region (lA, IL, IN, KS, KY, Ml, MN, MO, NE, OH, SD, Wl) received 83 percent of the 
atrazine applications to com and 69 percent of the total atrazine applied in the US during 
1993 (38). The US Environmental Protection Agency (EPA) market estimate for 1993 
further reported that atrazine applications in just four states (lA, IL, IN, NE) accounted for 52 
percent of the com use and 46 percent of the total atrazine applied during that year in the 
US (38). Crop applications other than com account for less than 20 percent of the US 
atrazine application (38). A survey of pesticide applications in Iowa over a 16-year period 
indicates the total atrazine active ingredient (a.i.) applied to com in 1995 was similar to the 
total used in 1979 (Table 1) (39). 
Table 1. Use of Atrazine on Com Crops in Iowa, 1979 to 1995. This summary does not 
include application of these herbicides to other crops or non-crop sites. 
Reduction in the registered application rates and other use restrictions resulted 
in the decrease in pounds of atrazine applied in 1990 compared to 1985 (39). 
Year 
Acres planted 
in com (1,000) 
Acres treated with atrazine Pounds of a.i. applied 
Percent Total (1,000) Total (1,000) Per acre 
1979 13,500 32.9 4,441 6,642 1.50 
1985 13,900 49.0 6,811 9,716 1.43 
1990 12,800 61.0 7,808 7,548 0.97 
1995 11,700 67.2 7,862 6,395 0.81 
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Changes in application practices led to a reduction in the total a.i. applied fronn the 
more than 100 million pounds used for all crops in the US during 1980 (33). Allowable 
annual application rates prior to 1990 were 5.6 kg/h. In that year, rates were reduced to 3.4 
kg/h, and further reduced for the 1993 growing season to 1.8 to 2.2 kg/h as preemergent 
applications to com and sorghum. In fields receiving pre- and postemergent applications for 
weed control, total use could not exceed 2.2 to 2.8 kg/a (33). The actual use within the 
allowable range is determined by soil erosion characteristics and presence of plant residues 
from conservation tillage methods (33). There was not a dramatic reduction in the total 
amount of atrazine applied due to these restrictions because rates had already declined 
from changes in available formulations. Commercial formulations of atrazine and 
metolachlor require less total herbicide than for single applications of either chemical. 
Following the Introduction of these products in 1984, application rates declined to 1.6 
kg/h atrazine in 1987, and further declined to 1.3 kg/h by 1994 (33). Moderate water 
solubility (33 mg/L) and small soil sorption coefficient (K^ and Koc) values favor movement of 
atrazine In the dissolved state from treated soils In surface and subsurface waters during 
inigatlon or rain (33). (See Table B.5. Chemical Characteristics of Atrazine and 
Metolachlor). Atrazine does not adsorb strongly to soil particles, resulting In moderate to 
high mobility In soils with low clay or organic matter content (35). In solution, the s-triazlne 
ring structure of atrazine Is resistant to microbial attack, making this means of degradation 
less Important than chemical degradation (33). Hydrolysis of the chlorine-carbon bond 
produces hydroxyatrazine, a nonphytotoxic metabolite prevalent In both soil and aquatic 
environments (40). This may occur rapidly In acidic or basic conditions, but atrazine Is 
resistant to hydrolysis in neutral pH conditions. An increase of hydrolysis in the presence of 
humic materials suggests the degradation process may be catalyzed (41). Separation of 
one or both side chains at carbon 4 and 6 produces deethylatrazine, deisopropylatrazine, or 
aminochloro-s-atrazine (40). The long half-life (60 to 100 days) contributes to a high 
potential for ground and surface water contamination, where it may partition only 
moderately from the water column (35). 
As eariy as 1977, atrazine was found In streams, lakes and even rainwater In more 
than 23 states (40). Rainulator studies at Morris, MN, found atrazine transport is primarily 
through surface runoff during the first month following application to Barnes loam, a fine 
loamy soil (15). The highest atrazine levels are found in runoff at the beginning of 
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precipitation events, and declines as the rain continues. Runoff during the first 10 minutes 
exceeded 150 fig/kg of sediments when precipitation was applied the day following field 
treatment; it was still as high as 50 ^g/kg 60 minutes after the rainfall started (15). Initial 
runoff (first 10 minutes) was greater than 100 |ig/kg for precipitation events seven days 
following field application, and greater than 25 jig/kg 30 days after treatment (15). In most 
cases, studies using natural rainfall found reduced loss of atrazine through runoff from fields 
where conservation tillage methods are used. A comparison in Vermont of small paired 
watersheds found higher rates of dissolved atrazine in runoff water from the field under 
conservation tillage during the first month following application, which was attributed to 
washoff from plant residues (16). For each rain event, atrazine concentrations were higher 
(1 to 49,558 |ig/kg) on sediments moved off site than dissolved in runoff (1 to 145 ng/L). 
Reduction in sediment loss accounts for the lower total loss of atrazine from fields under 
conservation tillage (16). Application restrictions were imposed in 1993 to reduce the 
amount of treated sediments reaching streams. Atrazine cannot be applied within 61 meters 
of lakes or reservoirs, or within 20 meters from where field surface water flows into 
intermittent or perennial streams, or rivers (33). 
Many studies of atrazine in surface waters examine higher order streams in order to 
assess flow of atrazine from fields to its final deposition in marine habitats (42-44). Water 
samples obtained at 149 USGS streamflow gauging stations within the 'com belt' during 
1989-1990 assessed the impact of the 'spring flush' that accompanies the atrazine 
application season (42). Measurable amounts of atrazine were found in 91 percent of the 
preplant samples, which increased to 98 percent during the application season. Major peaks 
occurred soon after periods of rain and resulted in 52 percent of the detections exceeding 
the maximum permissible contaminant level (MCL) for atrazine during the planting season. 
Highest levels detected were about 100 ^ig/L, with a median near 5 ^ig/L. Atrazine was 
detected in only 76 percent of the samples made during the harvest period, at which time 
the ratio of atrazine to its degradation products suggested alluvial groundwater was the 
source of the atrazine and not surface flow (42). The composite result of this off-site 
movement of atrazine is substantial; the Mississippi River discharges about 200 tons of 
atrazine yeariy into the Gulf of Mexico, or about 2 percent of the amount applied In the 
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drainage basin (43). Major contributions to this load are from the Iowa, Des Moines, 
Missouri, Illinois and Ohio Rivers, or those that drain the combelt' (44). 
The presence of atrazine in rainwater is now common over most of North America and 
throughout much of the year, although this is probably not a major contribution to the levels 
found in surface waters. Studies in Iowa and Canada demonstrated the highest 
concentrations in rainfall occur during the application season, but wind dispersed dust from 
bare fields can transport atrazine aerially at any time (45,46). Monthly precipitation samples 
collected from westem Lake Superior to the eastern reaches of the St. Lawrence River 
found a consistent background level of about 10 ng/L from April 1991 to September 1992. 
The highest levels occurred during the months of April to June (up to 445 ng/L) (45). More 
than 90 percent of the herbicide detections made with wet/dry precipitation samplers in 
central Iowa (Walnut Creek watershed) were also recorded during the application season, 
from April to June, during 1990 through 1994 (46). The highest detection was 154 |ig/L 
when a rainfall of less than 10 mm occurred soon after an application during high humidity 
conditions, which washed the spray drift from the air. Typical concentrations average 1.7 
ng/L during 8 mm rainfalls, contributing to an annual surface deposition of about 100 |ag/m^ 
(46). 
The implication of the preceding information is that there is no place in North America 
free from atrazine contamination. It is necessary to assume that all surface waters contain 
background levels of atrazine which increase greatly during the application season. This is 
supported by a study in Ontario that examined features of amphibian populations in four 
ponds in orchards compared to four ponds in conservation areas (47). Baseline analyses 
before the application season detected atrazine in all sites, even within the conservation 
areas, ranging from 0.07 to 0.37 fig/L. During June, levels up to 15 ^g/L were detected 
although atrazine application was not recorded on any sites (47). 
Dissolved atrazine is mobile in soil water, and from there enters groundwater 
resources. A nation-wide, five-year study of water systems found atrazine in 1.7 percent of 
community water systems and 0.7 percent of rural domestic wells, some of which exceeded 
the MCL (cited in 35). Under the Safe Drinking Water Act, the US EPA established the MCL 
for atrazine in 1991 at 3 |ig/L, based on a drinking water equivalent level (DWEL) of 0.2 
^ig/L and an assumed water contribution of 20 percent (41). This level was determined on 
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the basis of potential adverse effects (liver and kidney damage) reported in dog and rat 
studies (41). 
Atrazine is slightly to moderately toxic to humans and other animals when absorbed 
into the bloodstream through oral, dermal or inhalation exposures (37). Acute symptoms in 
humans include abdominal pain, diarrhea, vomiting, eye imtation and irritation of mucous 
membranes, and possible skin reactions (37). Chronic feeding studies of rats demonstrated 
only retarded growth in one study at 5 and 25 mg/kg/day, and 40 percent mortalities due to 
respiratory distress and paralysis of limbs in another at 20 mg/kg/day (37). Feeding and 
gavage studies of mammals demonstrate that triazines are readily absorbed by the 
gastrointestinal tract, but about 75 percent is excreted in urine or feces within 96 h. Only 15 
percent is retained in the body and stored in liver, kidneys and lungs for any appreciable 
time (37). 
Analyses of atrazine at levels found in drinking water supplies revealed a potential to 
induce chromosome breaks in Chinese hamster ovary (CHO) cells and bone marrow cells 
of mice (37,48). Atrazine and other chemicals in the same family produce mammary tumors 
in some strains of rats (49,50). Epidemiological studies also suggest that exposure to 
environmental toxicants may contribute to increasing rates of breast cancer among women 
in the US. In response to human health concerns, the US EPA initiated a special review of 
atrazine, cyanazine and simazine in November 1994 (36). 
Ecological effects were not the trigger for the special review of atrazine, but the US 
EPA was concerned about the potential effect on aquatic organisms, terrestrial plants and 
their ecosystems due to widespread environmental levels of atrazine (33). In response to 
this review, Ciba-Giegy engaged The Institute of Wildlife and Environmental Toxicology 
(TIWET) to conduct a comprehensive aquatic ecological risk assessment of atrazine 
(33).The expert panel that was convened utilized a three-step process for this assessment: 
problem formulation, analysis and risk characterization. The risk characterization used 
information from single species toxicity tests (including 85 freshwater and 467 saltwater 
species), microcosm studies and field studies (33). The panel proposed that the 
ecosystems with greatest potential for adverse effects from atrazine exposure are streams, 
rivers and reservoirs of the Midwest 'com belt' (33). First and second order streams, and 
small impoundments associated with them, would have the greatest concentrations. Peak 
atrazine levels are relatively short-lived where runoff is quickly carried to larger streams, but 
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ephemeral ponds and impounded water would maintain the levels received as runoff. 
During the application season, peak levels entering such habitats may be within the range 
that produced adverse effects in lab toxicity tests (33). The most susceptible organisms are 
phytoplankton, periphyton and macrophytes, which may suffer direct effects due to the 
herbicidal activity of atrazine (33). Aquatic animals may be indirectly affected by changes in 
food supply or physical habitat (33). 
In reviewing the literature, the panel found that bioconcentration, bioaccumulation or 
biomagnification was not likely to occur from exposure to atrazine (33). Susceptibility to 
metabolism and rapid elimination in animals offsets the moderate lipophilicity (octanol-water 
partition coefficient, log Ko,, 2.68) of the chemical, resulting in bioconcentration factors 
(BCFs) that range from 0.3 (black bullheads) to 11 or 12 times the environmental level for 
many fish (33). A comparison of the uptake mechanism between whitefish {Coregonus fera) 
and a mollusk {Ancylus fluviatilis), demonstrated that aquatic organisms rapidly take in 
atrazine through the gills, then transport it via the blood to other organs (51). Equilibrium is 
reached within a few hours and is characterized by simultaneous uptake and excretion of 
atrazine. A few organs (brain, gall bladder, liver and gut) accumulate atrazine to a limited 
degree that is not fully explained by their lipid content (51). Uptake in phytoplankton is also 
rapid, with saturation levels reached in two to four hours for some algae (40). Concentration 
factors range from 10 to 50 times the environmental levels, but are a function of 
phytoplankton biomass and environmental concentration of atrazine (40). 
The review panel concluded that results from single species laboratory tests 
overestimate the potential response when complete aquatic communities are exposed to 
atrazine. For example, a lab study of freshwater phytoplankton showed effects can result 
from as little as 1 |ig/L atrazine (52). Mesocosms subjected to atrazine exposures of 100, 
200 and 500 |ig/L resulted in an initial loss in phytoplankton biomass, which recovered 
within three weeks (53). Although no change in total biomass of phytoplankton was 
detected, a shift away from green and blue-green algae to other forms was noted (53). 
Through adaptations, species shifts and other compensatory mechanisms, communities can 
tolerate limited toxicity with no loss of function (33). Huber reviewed data on producers, 
consumers and decomposers in aquatic systems and reached a similar conclusion by 
making a distinction between ecotoxicological effects on the community, its interactions and 
its functions, as opposed to toxicological effects on individuals (40). He concluded that all 
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trophic levels begin to have adverse effects at the 20 |ig/L level or above, but that the 
effects are not long lasting (40). The panel agreed that few or no adverse effects were 
observed in 20 microcosm and mesocosm studies below 20 ^ig/L, so this was set as the no 
observed effect concentration (NOEC) for ecosystem responses within the context of the 
atrazine risk assessment process (33). 
The panel did not rule out the possibility of secondary effects to higher trophic levels at 
the 20 |ig/L threshold (33). Considering that amphibian larvae are often in areas with the 
highest environmental concentrations, the possibility of even limited direct or indirect effects 
places them at increased risk as a result of atrazine in the habitat. Many anuran larvae are 
filter feeders that specialize on particular sizes of phytoplankton, while macrophytes provide 
refugia from the numerous predators that pursue small larvae. Slowed growth rates from 
reduced food, increased risk of predation and direct effects on development could 
substantially reduce the numbers of larvae that reach metamorphosis, and the eventual 
population size. 
Metolachlor 
Metolachlor is a member of the chloroacetanilide family of herbicides developed by 
Ciba-Geigy (Figure 2)(35). It was registered for use in the US in 1976 as a preemergence 
treatment to control broadleaf and grassy weeds in field corn, soybeans, peanuts, grain 
sorghum, pod crops, cotton, safflower, stone fruits, nut trees, woody ornamentals and 
rights-of-way (54). During the 1980s the total amount of metolachlor applied in the US rose 
rapidly as it became widely used instead of alachlor as a companion herbicide to atrazine. 
Figure 2. Molecular Structure of the Herbicide Metolachlor (2-chloro-N-(2-ethyl-6-
methylphenyl)-N-2-methoxy-1-methylethyl) acetamide) CAS No. 51218-45-2 
(35). 
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Commercial formulations containing atrazine and metolachlor are now used on about half 
the com acres receiving herbicide applications. Table 2 summarizes the use of metolachlor 
in Iowa as a means of demonstrating these trends (39). 
Plants absorb metolachlor just above the seed through the developing stem, and 
possibly through the roots, then translocate the chemical to the actively growing regions of 
the plant. Chloroacetanilide herbicides are general growth inhibitors, especially of root 
elongation, by inhibiting protein, lipid and chlorophyll synthesis and disrupting the integrity of 
plant cell membranes (35,54). 
Metolachlor is applied to crop and non-crop areas at rates of 1.24 to 4 lb/a (41). 
Resistance to degradation processes provides the persistence required for crop protection, 
but leads to extensive leaching because metolachlor is highly mobile in soils with low 
organic matter content (35,54). (See Table B.5. Chemical Characteristics of Atrazine and 
Metolachlor). Degradation is chiefly by aerobic and anaerobic microorganisms, the activity 
Table 2. Use of Metolachlor on Com Crops in Iowa, 1979 to 1995. This summary does 
not include application of these herbicides to other crops or non-crop sites (39). 
The dramatic increase in metolachlor use between 1979 and 1985 indicates 
how rapidly it replaced the use of alachlor as a companion herbicide with 
atrazine. Application rates have been relatively consistent over time; the 
decrease in total pounds of metolachlor applied is due to fewer acres receiving 
applications since 1985. 
Year 
Acres planted 
in com (1,000) 
Acres treated with 
metolachlor 
Pounds of a.i. applied 
Percent Total (1,000) Total (1000) Per acre 
1979 13,500 4.6 621 1,535 2.47 
1985 13,900 37.2 5,170 10,343 2.00 
1990 12,800 34.0 4,352 9,403 2.16 
1995 11,700 35.7 4,177 8,573 2.05 
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of which is temperature dependent, resulting in regional differences in soil half-lives (54). In 
the 'com belt' persistence ranges from 30 to 70 days, while in more southerly areas it is only 
15 to 25 days (54). Degradation by aerobic microorganisms proceeds more rapidly than 
anaerobic, and is fastest in soils with high water content (35). 
Metolachlor readily enters ground and surface waters where it is stable over a broad 
range of pH conditions. In very acid waters, it has a half-life up to 200 days, while in very 
basic waters the half-life is still 97 days (54). Photodegradation in surface waters is minimal, 
with only a 6.6 percent loss over 30 days (54). This persistence in water results in 
considerable background levels of metolachlor in surface waters through much of the year. 
The US EPA reported more than 82 percent of surface water samples from 14 states 
contained metolachlor at levels up to 138 ^ig/L (54). An Ontario study of orchard and 
conservation area ponds detected metolachlor at levels up to 8.8 ng/L during June, 
although metolachlor applications were not reported for the sites studied (47). Similar to 
atrazine, metolachlor is also found in rainfall. The precipitation survey across central and 
eastern Canada found a background level of metolachlor of about 10 ng/L all year, with 
peak levels in May through August reaching 322 ng/L (45). 
In aquatic ecosystems, metolachlor is slightly to moderately toxic to both warm and cold 
water non-target organisms (41). Reported 96-h median lethal concentrations (LC50s) for 
rainbow trout are 2.0 to 3.9 mg/L, bluegill 10.0 to 15 mg/L, carp {Cyprinus carpio) 5 mg/L 
and Daphnia magna 25.1 mg/L (35,54). Studies on algae and fish indicated that little 
metolachlor is accumulated during immersion in treated solutions, and it is rapidly excreted 
when the organisms are placed in clean water (35). A full-life cycle test with fathead minnow 
estimated the maximum acceptable toxicant concentration as 0.78 < (MATC) <1.6 mg/L 
(41). Because of the reported toxicity to aquatic organisms, metolachlor products must bear 
the environmental hazards precautionary labeling on the end-use product, which reads: "Do 
not apply directly to water or wetlands (swamps, bogs, marshes and potholes). Do not 
contaminate water by cleaning of equipment or disposal of wastes." (35). The review panel 
assessing the environmental risk of atrazine noted that it is often present in surface waters 
with metolachlor. Since the two chemicals have different modes of action, the panel did not 
expect interactions of the two chemicals to be additive or synergistic in regard to their 
toxicity towards organisms (33). 
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The potential for ground water contamination by metolachlor is readily apparent from 
well water survey reports. Metolachlor levels between 0.1 and 1.0 ^g/L were detected in 1 
percent of the 6 million private and donnestic wells sampled in the National Well Water 
survey conducted by the US EPA (35,54). Metolachlor is not very acutely toxic to humans, 
but with severe symptoms that include abdominal cramps, anemia, shortness of breath, 
dark urine, convulsions, diarrhea, jaundice, weakness, nausea, sweating and dizziness (54). 
In studies on rats it was shown that orally administered metolachlor is quickly broken down, 
with 70 to 90 percent excreted within 48 hours as metabolites (54). There is no evidence to 
suggest accumulation in tissues or in the food chain, although trace amounts of metabolites 
can be found in kidneys, liver, blood and milk (35,54). Chronic studies with rats suggest that 
metolachlor is capable of showing chronic effects at levels substantially below those that 
cause acute toxicity, lowest observed adverse effect concentration (LOAEC) about 90 
mg/kg/day (54). Female rats fed high doses for two years showed an increase in liver 
nodules and lesions, so metolachlor is classed as a possible human carcinogen in the 
absence of human data (54). Even moderate levels in the same study led to decrease in 
weights compared to controls (54). Metolachlor is not considered a teratogen or to have 
reproductive effects (41). 
Approved toxicological methods using amphibians 
Tiered testing approach 
The process for registering new compounds that will be released into the environment 
was established by the US EPA. A tiered approach is used as a compromise between the 
investment in toxicity testing and investment in development, so that only materials with 
acceptable toxicities are moved toward eventual production. At each stage, the potential risk 
of environmental or human exposure is weighed against the estimated environmental levels 
that will be generated, the benefit derived from use of the product, and the economic 
consequences if the product is not available. Determination of acceptable risk is a 
management decision based on available economic and scientific information, not strictly a 
toxicological decision. This process is a suggested framework for evaluating the potential 
environmental risk of new chemicals, not a rigid protocol. As a result, the type of 
toxicological test results used at each level is not cleariy defined, but must meet general 
guidelines (5). 
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The first level estimates the potential hazard of chemicals based on the toxicity of other 
compounds in the same chemical family and firom the physical and chemical characteristics 
of the proposed product. This is a 'quick and dirty' means of eliminating very hazardous 
materials early in development. Any toxicity tests included at this stage are usually acute 
tests with a few test species. If it appears that chemicals are not highly toxic, and that 
environmental levels will not be too great, testhg and development moves to the next level. 
The second tier of testing incorporates eariy-life stage (ELS) and chronic toxicity tests which 
may include a plant, invertebrate and vertebrate species appropriate to the habitats where 
environmental exposures will be greatest. In addition, it is expected that the species tested 
are the 'most sensitive' species to detect effects within that habitat. For chemicals expected 
to enter aquatic ecosystems, this often includes an alga, Daphnia or Cehodaphnia, and a 
fish species. Better estimates of anticipated environmental levels are compared to the 
results of toxicity tests to determine whether further testing and development are merited. 
Third tier tests are expected to be chronic studies, again with the most sensitive species. 
Microcosm and mesocosm studies of built communities may be added at this stage. Further 
acute tests with additional species may be added to second and third tier levels. The final 
risk evaluation compares the results of toxicity tests to the refined estimate of environmental 
levels that will occur, which may be determined from fate and flow studies. When expected 
environmental levels are much less than levels producing toxic effects in test species, 
development of the chemical product proceeds. When it is apparent, at any tier, that 
environmental levels will be greater than levels toxic to the tested species, and there is no 
means of mitigating this effect through application or use practices, further development of 
the chemical is not pursued (2,5). 
Standard procedures for conducting acute, chronic, ELS and microcosm or mesocosm 
studies have been developed by the US EPA, American Public Health Association (APHA), 
and American Society for Testing and Materials (ASTM), and other organizations in Canada 
and Europe (2). Test protocols which mention the use of amphibians include; Guide for 
Conducting Acute Toxicity Tests with Fishes, Macroinvertebrates, and Amphibians (ASTM 
E-729-88a) (10), Guide for Conducting Acute Toxicity Tests on Aqueous Effluents with 
Fishes, Macroinvertebrates, and Amphibians (ASTM E-1192-88) (55), and Guide for 
Conducting the Frog Embryo Teratogenesis Assay-Xenopus (FETAX) (ASTM E-1439-91) 
(56). The first two of these list the possible amphibian species which may be substituted for 
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fish in performance of acute toxicity tests (10,55). There is no further information regarding 
modifications in test procedures or performance that might be necessary because of 
physiological or life history differences between fish and amphibians (7). The implication is 
that larval amphibians are equivalent to fish, so they are handled in the same manner. Such 
an interpretation may be a factor contributing to the relatively infrequent use of larval 
amphibians for acute and chronic toxicological studies in the past. By not considering the 
requirements for optimal maintenance of amphibians which may differ from fish, extraneous 
variability in response may make test results difficult to interpret. The test opportunities 
made possible by taking advantage of the unique characteristics of amphibians is 
demonstrated by the development of the FETAX protocol (56). 
Current environmental issues may make standardized amphibian-based toxicology 
methods a priority. Declining populations and high incidence of malformations suggest that 
environmental exposures judged to be safe for fish or other species tested may not provide 
the same protection for amphibians. The utility of amphibians as test subjects can be 
demonstrated by examining the general guidelines for aquatic tests as set forth in the 
Standard Guide for Assessing the Hazard of Material to Aquatic Organisms and Their Uses 
(ASTM E-1023-84) (5). This guide summarizes the acute and chronic tests appropriate for 
material likely to reach water in substantial quantities (5). Priority of the freshwater species 
tested is based on water quality criteria for protecting commercially and recreationally 
important resources. This places the primary emphasis on fish species, followed by 
invertebrates which may serve as the food base to fish, with amphibians last (5). 
Amphibians are relegated to last on this list because they are not considered a 
commercially important group, at least in North America (57). Lack of public regard may be 
a factor; amphibians are neither 'cute and cuddly' nor important sport species, although 
heightened awareness of amphibian environmental issues may be changing the public 
perception (7). Highly permeable skin of both larvae and adults make them susceptible to 
toxicants in water. They are important components of ecosystems, serving as herbivores 
and prey while larvae, camivores and predators as adults. Amphibians are becoming 
recognized as reliable indicators of environmental quality. In considering these factors, it 
appears that water quality criteria that provide adequate protection for amphibians should 
be a higher priority (7). 
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Standard toxicity tests 
First tier toxicity tests are often static acute studies with a standard test species. 
Further tests at the first or second level may include other species, the choice of which is 
based on expected environmental concentration, the nature of the material, the likelihood of 
species sensitivity and probability of exposure (5). Amphibians should be included at the 
eariy stages of evaluation for materials to be used as agricultural pesticides. A standardized 
acute exposure test with amphibian embryos or larvae directly tests the response of 
organisms likely to be exposed to pesticides in surface waters in agricultural landscapes. 
Chronic tests most often recommended are full life cycle or eariy life stage (ELS) tests 
(5). Standard full life cycle tests exist for several invertebrate species, in which total time 
required for performance is relatively brief compared to vertebrates (5). Life cycle studies 
require nine months with fathead minnows in order to provide a full assessment of 
reproductive factors. Eariy life stage tests using fish embryos continue the exposure through 
early development to the fry or juvenile stage. This approach does not provide an 
assessment of reproduction, but provides exposure information during the developmental 
stages considered the most sensitive. The results of ELS tests are usually useful estimates 
of comparable life cycle tests with the same species (55). A broader selection of fish 
species are used for ELS tests than for full life cycle tests because time to reproductive 
maturity is no longer a constraint (5). Amphibian larvae appear to be logical subjects for 
ELS tests, with exposures possible from freshly fertilized embryos through metamorphosis. 
Results can be obtained in six to 12 weeks, or more, depending on the species tested. 
The traditional endpoints promoted for use by the Standard Guide (ASTM E-1023-84) 
are survival, growth, and reproduction of individual species. Tests on chosen species are 
designed to produce data used in protecting those species and the structure of the aquatic 
ecosystem (5). This is based on the assumption that the most sensitive species in aquatic 
environment is known and used for toxicity tests. Amphibians may prove to be as sensitive 
as fish species, and their use as toxicological subjects makes available other possible 
endpoints. The FETAX protocol was developed for use with embryos of Xenopus laevis, but 
this method may be applied as easily to embryos of native species. In addition to survival, 
test endpoints include inhibition of growth and formation of terata (56). 
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Table 3. Advantages and Issues in Using Amphibians as Toxicological Subjects. 
Appendix X7 of the Standard Guide (ASTM E-1023-84) states the following 
criteria for selecting aquatic species for acute and chronic toxicity tests (5). 
Relevancy to the hazard assessment (5): 
1) Habitat—Does the hazard 
appear more likely for species in 
the water column or for those in 
the benthic community? 
Amphibian larvae may be surface feeders, or graze on 
periphyton and macrophytes. Most temperate species 
are pond-type feeders that filter plankton when 
abundant and graze on surfaces when it is not (8). 
2) Types of water—Is a specific 
type of water (fresh, alkaline, 
estuarine, ocean) of special 
concem? 
Freshwater wetlands, ditches and temporary waters near 
croplands have the highest concentrations of agricultural 
pesticides. Amphibians are a better choice for such 
waters which may not typically support fish. 
3) Temperature—^Are warm 
water or cold water species of 
more concem? 
North American amphibian species tolerate a wide range 
of temperature conditions. Some species breed eariy 
when water temperatures are still cool, and others breed 
only after conditions warm in late spring and eariy 
summer (58). 
Positive attributes of test species (5): 
1) Widespread distribution in the 
environment. 
Several species, such as leopard frogs {Rana pipiens) 
and American toads {Bufo americanus), have extensive 
ranges across North America (32). 
2) Availability of data on 
sensitivity to a variety of 
materials. 
A review of amphibian toxicity tests summarized more 
than 400 studies conducted between the mid-1960s and 
1989 (59). A variety of test methods were used with 
diverse species. Standardization of test procedures for 
amphibians would help generate background data, 
similar to that now available for standard fish species. 
3) Commercial or recreational 
importance 
Aesthetic value and environmental significance are now 
considered valid attributes to protect. It appears 
necessary to test amphibians directly to protect them 
from harmful environmental exposures (7). 
4) Availability on a regular basis Current rearing methods are used to supply frogs for 
or ability to maintain or breed teaching, research and consumption (57,60). With 
specimens on a continuing basis, proper care, it is possible to induce mating in native 
species outside of the typical breeding season (61). 
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Table 3. (continued) 
5) Appropriate sensitivity to 
similar materials. 
In comparative studies with standard fish species, 
amphibians were found to have a suitable range of 
sensitivities to chemicals (62,63). 
6) Recommendations by 
technical and regulatory 
organizations. 
Accepting amphibians as valid test subjects requires 
changing the regulatory paradigm that fish are the most 
sensitive vertebrate species in aquatic habitats. 
7) Availability of a selected strain Selected strains of R. pipiens were produced in sufficient 
where genetic uniformity is quantities for research during the 1960s and 1970s (60). 
advantageous. 
Frog Embryo Teratogenesis Assay-Xenopus 
The Standard Guide for Conducting the Frog Embryo Teratogenesis Assay-Xenopus 
(FETAX) (ASTM E 1439 - 91) was first approved and published in 1991. This procedure 
uses embryos of the South African clawed frog {Xenopus laevis Daudin) in a 96-h static 
renewal exposure regimen that yields data on mortality, malfomnatlon and growth inhibition 
(56). FETAX is a rapid test for identifying developmental toxicants. Data may be 
extrapolated to other species, including mammals. It was initially designed as an indicator of 
potential human developmental health hazards (64). Comparative studies with known 
teratogens have produced predictive accuracy around 85 percent. The accuracy rate 
compares favorably with other in vitro teratogenesis screening assays (56). A metabolic 
activation system (MAS) may be included with test performance of the test to increase the 
predictive accuracy for mammalian developmental toxicity (64). This uses a 1:1 combination 
of microsomes derived from Aroclor 1254- and isoniazld-induced rat livers to evaluate 
production of enzymes in exposed embryos (65). 
FETAX endpoints are the 96-h LC50, the 96-h median effective concentration (EC50) 
(malformation) and the minimum concentration to inhibit growth (MCIG) (64). These 
endpoints account for all important cell and molecular mechanisms because whole embryos 
are used, not embryo parts or cell cultures (64). During the 4-day exposure, the embryo 
grows from the hollow blastula stage to the first feeding stage larva with organogenesis 
complete, and limb buds just forming (64). Early injury to primordial tissues will have more 
serious consequences than damage to later stages because whole organ systems may be 
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affected as a result (64). As a general rule, the earlier damage occurs, the more serious and 
widespread the results (64). 
The procedures used in performing FETAX tests are as stringent as those used with 
cell cultures to reduce the potential effect on embryos from uncontrolled factors. Adherence, 
as much as possible, to these details increases the reproducibility of the results, and 
increases the degree of confidence in the evaluation of the observed effects. Glassware 
cleanliness is assured by wash procedures that include acid and acetone rinses and heating 
to SOO^F for several hours to drive off any remaining organic contaminants (56,64). Several 
studies suggested that dejellying embryos did not alter the toxic effects observed in 
embryos, while facilitating the sorting and handling during test initiation (64). A 2 % w/v 
cysteine solution at pH 8.1 is used to dejelly eggs within three minutes or less to avoid 
irreversible damage to embryos (56). Selected embryos must be between Nieuwkoop-
Faber Stage 8 (blastula) and Stage 11 (eariy gastrula), when the embryonic gut begins to 
form (66). Initiating exposures after this stage misses a sensitive phase of development 
(65). 
A standard test procedure includes the following: a negative control of four dishes with 
25 embryos each in 10 ml of either FETAX solution or dilution water. Mortality of the control 
must be less than 10 percent and malformation less than 7 percent for the test to be valid 
(64). For all other controls and test solutions, two dishes of 25 embryos each are used (64). 
The use of a solvent in preparing the test material introduces the possibility of the 
interactions causing synergism or antagonism. Therefore, solvent controls must be included 
when a solvent is used (64). Two concentrations of 6-aminonicotinamide are used to cause 
a predicted level of mortality (2500 mg/L) and malformation (5.5 mg/L) with responses 
between 40 and 60 percent for both positive controls (64). Solutions are renewed and 
mortalities recorded every 24 hours. FETAX is concluded at 96-h (or a little longer) when 
more than 90 percent of control embryos have reached Stage 46. Embryos can be 
sacrificed in tricaine (MS-222), then moved to three percent formalin for fixation (64). 
All embryos in the performance of a FETAX procedure are obtained from the same 
clutch of eggs which will reduce the variability in response found among genetically 
dissimilar individuals (64). The clutch is the valid sampling unit for a statistical analysis of 
test results (67). Replication in FETAX is achieved by perfomriing several procedures with 
embryos from different mated pairs of adults. A complete standard test begins with a range-
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finding test of five to nine levels of test material, usually at 10-fold increases in 
concentration. This is followed by three tests using five to seven concentrations over a more 
narrowly defined range as determined by the range-finding LC50 and EC50 results (56). 
The reported results are derived from the three replicate definitive tests and reported as the 
geometric mean and 95 percent confidence intervals for the LC50, EC50 and MCIG. The 
teratogenic index (Tl) is derived by dividing the 96-h LC50 by the 96-h EC50 (malfomation). 
Values for the Tl greater than 1.5 represent increasing teratogenic hazard (64). 
FETAX can be used for aquatic toxicity evaluation and deriving water quality criteria to 
protect aquatic organisms and ecosystems (64). The procedure Is applicable to chemicals 
Individually or In combination, as reagent grade or commercial formulations (56). Because 
of the sensitivity of embryonic and eariy life stages, FETAX may provide Information useful 
for estimating chronic toxicity of a test material in addition to lethality. Stunted and 
malformed embryos are quickly removed from the population due to the inability to feed or 
through predation. This means that species survival can be compromised by developmental 
toxicants (64). It is possible that some of the decline in amphibians may be due to chemical 
pollution, and FETAX may be used to investigate the extent and causes of the decline (68). 
The Guide for the Performance of FETAX states in the opening paragraph that other 
species may be used for the procedure, although modifications may be required (56). 
Deviations from the protocol are not discouraged, but it Is recommended that standard 
FETAX be performed and modifications made later (56). When alternate species are used, 
comparisons must not be made between results from these alternate species and the 
performance of the test as described in the standard (56). This Implies that Interspecies 
differences In response may be obtained with the test, so any modifications must be 
reported as having deviated from the protocol (56). For example. It may be necessary to 
Increase the time of exposure sufficiently for controls to reach Stage 46 (56). This is 
specifically true for species that take more than four days to hatch at 24°C, the specified 
temperature (56). When altemate species are used or modifications are made in the 
procedure, it must be so indicated when reporting test results (56). Recommended 
altemative anurans include R. pipiens, Bufo fowleri, B. americanus and R. catesbeiana 
because of high egg production, broad geographical range and short hatching periods (64). 
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Reported atrazine effects on amphibians 
Atrazine was implicated in the breeding failure of amphibians as early as 1967 (69). 
Until recently, there were occasional reports that included atrazine effects on amphibians, 
but many of these resulted from general agricultural chemical surveys and did not focus 
exclusively on this chemical or on amphibians. The frequency of toxicological studies 
involving amphibians is changing rapidly as concern for amphibian exposure to 
environmental pollutants increases. 
Chemical runoff from atrazine applied to railroad ballast contaminated a pond used for 
breeding by the common frog {Rana temporaria) followed by complete breeding failure for 
two successive years, 1967 and 1969 (69). Atrazine had been applied at the rate of 0.006 lb 
of formulation (65 percent a.i.) per yard of track with direct drainage into a pond less than 10 
meters away (69). Following the second year of failed breeding, the pond was emptied and 
the sediments removed. Although these sediments were covered with a gray deposit 
presumably from the applied herbicide product, GC analysis with a lower detection limit of 1 
mg/L found no atrazine present (69). Studies with the native population and an unaffected 
population in 1970 indicated that adult females were affected by the previous exposure, 
resulting in poor protein fomnation in the albumin coats of the eggs they produced (69). 
Embryos from unaffected sites and from the affected pond were reared in fresh water, water 
from the renovated pond, water over the sediments from the pond, and in a Weedex (50 
percent a.i.) solution (69). Larvae introduced from an uncontaminated site developed 
normally in all tests except Weedex and with fresh water over pond mud. Native larvae in 
renovated pond water still demonstrated poor albumin adhesion; tadpoles were three times 
normal weight and had huge tails (69). An adult pair removed from the contaminated pond 
in 1969 amplexed in lab. Only 15 percent of the eggs hatched, and of the resulting 226 
tadpoles, only 10 completed metamorphosis. These all had kinky tails, resulting In 
misaligned urostyles and ilia. Although weights of these tadpoles were three times normal, 
metamorphosis was followed by general decline in weight to the point of death, in spite of 
apparently feeding nonnally (69). 
This early study was conducted in a school classroom and approximates a full life cycle 
exposure test. Few studies of amphibians and atrazine approach this length of exposure 
because of the difficulties of housing adults. The reports available are mostly from 96-h 
acute toxicity tests, with a limited number of diverse field tests. Klaasen and Kadoum 
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included Rana catesbeiana tissue analysis in a general study of atrazine fate in Kansas 
farm ponds (70). Within one day of treatment, levels in bullfrog tadpoles were approximately 
equal to environmental exposures, where they remained throughout the study (70). This is 
one of the few studies of bioconcentration factors (BCF) on amphibians exposed to 
atrazine. It agrees with the generally low BCFs reported for fish (33). 
Most other field reports treated amphibians as subsidiary species in tests that 
examined the effect of reduced primary production in ecosystems following atrazine 
exposure. Detenbeck and others placed 20 caged R. pipiens tadpoles into four artificial 
stream mesocosms, two controls and two receiving atrazine at 15 (ig/L, later increased to 
25 fig/L (71). No significant differences were observed in tadpole growth or development 
during the 41 day treatment period. A trend toward accelerated development of tadpoles in 
the treatments was suggested, but the variability within streams was too great to detect 
differences (71). This was in contrast to the reduced biomass found by Kettle et al. for R. 
catesbeiana tadpoles that emerged from ponds with 20 i^g/L atrazine following 805 days of 
exposure (cited in 71). This had been attributed, in part, to reduced food availability, and 
loss of spawning sites and protective cover with the reduction of macrophytes. An alternate 
explanation is a greater sensitivity to atrazine in R. catesbeiana, which is also suggested in 
work by Birge et al. (62). A flow-through system was used to expose dejellied embryos of 
two fish and two amphibian species for 96 hours. The LC50 determined for R. catesbeiana 
(0.41 mg/L) was between the values obtained for channel catfish (0.22 mg/L) and rainbow 
trout (0.87 mg/L) (62). However, Bufo americanus tested at the same time had less than 50 
percent mortality at 48 mg/L, the highest level tested. At this concentration, B. americanus 
had 80 percent survival and only 17 percent terata. An exposure of 45.8 mg/L to R. 
catesbeiana resulted in 100 percent terata among the 8 percent that survived (62). This 
demonstrates the wide range of sensitivity levels among amphibians, suggesting that testing 
of individual species is necessary to accurately guage the diversity of response to atrazine 
exposure. 
Atrazine was among the group of agricultural chemicals used by Hovey and by 
Boshulte for 96-h exposure tests of R. pipiens and R. catesbeiana, respectively (72,73). The 
methods used differed between the two investigators; and each differed from the Guide for 
Conducting Acute Toxicity Tests with Fishes, Macroinvertebrates, and Amphibians (ASTM 
E-739-88a) in some respects. The importance of their results is a demonstration of the 
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sensitivity of amphibians to atrazine exposure and the range of adverse effects which may 
occur in addition to lethality. 
Hovey examined the effect of acute exposure in R. pipiens tadpoles at Taylor-Koliros 
Stage 1 using an undisclosed commercial formulation of atrazine at a concentration near the 
lethal threshold (72). Range-finding tests resulted in 100 percent mortalities at 16 mg/L, and 
a lethal threshold estimate of 8.5 ± 0.5 mg/L (72). Following the 96-h exposure, tadpoles 
were maintained in fresh water for 40 days, at which time they were terminated and fixed in 
formalin. Endpoints examined were weight, length, developmental retardation and extemal 
abnormalities (72). Growth of exposed tadpoles appeared inhibited beginning seven days 
after exposure, which was most pronounced 10 days after exposure, following which normal 
growth resumed. The decreased values for final lengths and weights among the exposed 
tadpoles were not significant compared to the controls (a = 0.05) (72). Taylor-Kollros stage 
for the treated group (IV) was significantly different than the control (V), as determined by a 
test. Extemal examination of atrazine-exposed tadpoles revealed 32 percent with wart­
like skin abnormalities. One individual from the treatment group developed a kinked tail, 
assumed to be from muscle group disruption in the tail, but which was not attributed to 
exposure to the chemical (72). It is important to note that Hovey's specimens were obtained 
from the University of Michigan Amphibian Facility, from a lab-reared strain of R. pipiens 
with no known exposure to atrazine. 
Boshulte exposed eight- to 12-month old R. catesbeiana tadpoles to atrazine at 
concentrations of 173 and 196 mg/L prepared from Aatrex 4L® (73). A range-finding test 
using three individuals produced mortalities at both these levels, but no deaths occurred 
when groups of 10 and 30 individuals were exposed. Repeating the tests produced the 
same results, suggesting that adverse effects from atrazine, lethality in this case, for R. 
catesbeiana is density-dependent (73). Atrazine exposure resulted in lethargy and reduced 
escape behavior, compared to hyperactivity caused by exposure to other herbicides in this 
study. During the 96-h test, atrazine exposure produced pronounced abdominal bloating 
and lumps on the posterior abdomen, near the base of the tail, effects not seen in other 
chemicals tested. Tail malformations were mild to severe and also occun'ed with Treflan® 
exposure (73). The large specimens were the most severely affected. Boshulte noted that 
atrazine-exposed tadpoles produced white feces although food was not introduced during 
the 96-h exposure period. With its limited solubility, the high concentrations used may have 
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produced unnoticeable precipitate consumed by the tadpoles in attempts at feeding. 
Whether this is related to the bloating and abdominal lumps is not determined, but 
Hazelwood also noted the production of white feces, bloating and intestinal blockage in an 
earlier study (70). Boshulte also compared the response to exposure between two 
populations of R. catesbeiana, the ones reported above were collected from a pond 
surrounded by non-row crop land with no known history of application ('clean'). A second 
population of tadpoles was obtained from a site adjacent to land with a history of atrazine 
application (contaminated) (73). Tadpoles from the contaminated population produced a 
lethal threshold level between 196 mg/L (13 percent) and 240 mg/L (100 percent), or 
greater concentrations than the clean population. The same malformations were observed 
in the contaminated tadpoles, but developed later in the exposure period than for the clean 
group (73). Since it may be assumed the tadpoles collected from either pond are not 
necessarily siblings, based on the range of ages used, this delayed response in the 
appearance of malformations is a population-level effect. This interpretation suggests that 
atrazine contamination exerts a selective pressure on amphibian populations. Boshulte 
conducted this study before allowable application rates were restricted, permitting field 
applications up to 6000 mg/L. 
Applications often combine atrazine with additional herbicides and other pesticides, 
increasing the potential for multiple exposures to larval amphibian during development. 
Chemicals may interact in such a way to enhance or antagonize their individual activities, 
leading to unpredictable effects on non-target organisms. A recent study on the interaction 
of a companion herbicide with atrazine was reported by Howe et al. (18). R. pipiens and 
Bufo americanus were used because they are common, locally abundant in Upper Midwest 
where atrazine and alachlor are widely used, and these species breed in ponds adjacent to 
agricultural lands. Tadpoles of both species were exposed during two stages of 
development, Gosner Stage 29 (limb bud, eariy) and 40 (premetamorphic, late), to atrazine 
or alachlor alone and in an equal ratio combination (18). Commercial formulations of both 
herbicides were used, atrazine in a liquid formulation with 40.8 percent a.i. and alachlor in 
an emulsifiable concentrate with 43 percent a.i. There were three remarkable findings from 
this study. 1) In both species of amphibians, the Stage 40 tadpoles were more susceptible 
to atrazine exposure than the Stage 29 tadpoles; R. pipiens, LC50 47.6 mg/L (eariy), 14.5 
mg/L (late): B. americanus LC50 26.5 mg/L (eariy), 10.7 mg/L (late) (18). Compare this with 
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the > 48.0 mg/L LC50 noted by Birge et al. for B. americanus embryos that were similarly 
exposed in a flow-through system (62). This result is counter to the conventional wisdom 
that implies younger, less developed individuals are more susceptible to the effects of 
toxicants than older larvae. 2) In combination with alachlor, there was marked increase in 
toxicity. In terms of the Marking and Dawson additive index for testing interactions, there 
was more than an additive effect when the larvae were exposed to the herbicides in 
combination (18). Exposure to the combined chemicals produced LCSOs for R. pipiens of 
6.5 mg/L (early) and 2.1 mg/L (late) and for B. americanus-, LCSOs were 1.8 mg/L (early), 
1.5 mg/L (late) (17). The trend to greater sensitivity with increasing age is still present, 
although the combined chemicals are highly toxic to both stages. 3) Abdominal edema was 
noted among individuals of both species from exposure to atrazine at concentrations above 
2.8 mg/L within six hours of test initiation (18). This adverse response has been noted by 
other investigators studying the effects of atrazine. Developing an understanding of its 
cause may uncover a mechanism of action unique to amphibians. 
The usefulness of the Frog Embryo Teratogenesis Assay-Xenopus (FETAX) was 
discussed in a previous section. This protocol was used by Morgan et at. to evaluate the 
EC50 and LC50 obtained with atrazine when using the standardized FETAX diluent and 
surface (natural) water obtained from a local stream (17). Using Aatrex 4L® and embryos of 
Xenopus laevis, the 96-h LC50 reported for atrazine prepared in FETAX diluent was 100.0 
mg/L although the range tested had been 147 to 344 mg/L (16). The concentration range 
tested with atrazine prepared in surface water was 122 to 220 mg/L, which produced an 
LC50 of 126 mg/L (17). It was not reported whether this was a significant difference or 
within the range of variation obtained from FETAX. The 96-h EC50 (malformation) value for 
test solutions prepared with FETAX diluent was 33 mg/L (17). One hundred percent 
abnormalities were observed in all concentrations of atrazine prepared from the surface 
water, from 8.0 mg/L to 49 mg/L, so the EC50 is reported as < 8.0 mg/L (17). This is at least 
a four-fold difference in effects. Predicted LOEC values were 11.0 mg/L for FET/^X diluent 
compared to an estimated 1.08 mg/L atrazine in the surface water used, or a ten-fold 
difference in effects (17). Several factors may have contributed to this lack of agreement 
between the FET/\X diluent and solutions prepared from the surface water source. The 
surface water was collected immediately downstream from a golf course. Chemical analysis 
was not carried out on the collected water, so some unknown factor may have contributed 
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to these effects (17). The concentrations of the test solutions were not determined, so all 
reported values are nominal concentrations, and the authors assumed that actual levels 
were lower, but did not suggest to what degree (17). The surface water had a pH of 8.1 
compared to the FETAX diluent at pH 7.6 (17). FETAX can be performed in the range of pH 
6.0 to 9.0, but is best performed in the range of pH 7.0 to 7.8 (64). The LOEC estimated for 
the FETAX diluent was 11.0 mg/L, or greater than the concentration in which 100 percent 
terata were observed in the surface water. Although the authors did not address the 
difference between the FETAX solution and the tested surface water, their study illustrates 
the sensitivity of the test system to detect subtle differences in the effects produced, in this 
case, because of the unknown constitution of the surface water, atrazine may not have 
been the only factor that contributed to the differences in response. 
Summary 
In considering the vast amount of environmental toxicological data amassed in recent 
decades, it is surprising that so little in the literature specifically examines the effect of 
atrazine on amphibians. Although numerous studies estimated environmentally relevant 
concentrations of atrazine in aquatic systems, few of these included amphibians among the 
species specifically examined. It is clear that the aquatic habitats that will have the greatest 
concentrations are those adjacent to agricultural lands. This is particulariy true in the com 
belt of the Midwest US. Such areas are increasingly important for breeding by the remaining 
amphibian populations. Even the limited toxicological test information available covers a 
variety of species, across a range of ages and developmental stages, and a number of 
exposure methods. One result from this lack of standard practice is a range of results that is 
difficult to interpret across species and across ages within a species. The first step toward 
standardizing amphibian toxicological tests is acknowledging the physiological and life 
history characteristics that make analysis of this vertebrate group essential and separate 
from fish or other aquatic organisms. 
Morgan et al. suggested that the FETAX procedure would work for the environmental 
risk assessment process because it provides for a specific endpoint and involves an 
organism common to most aquatic ecosystems (17). Although amphibians are found in 
most aquatic habitats, there are vast phylogenetic and adaptive differences among the 
worid's amphibians. Xenopus laevis has become the primary 'lab frog' mainly because of 
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the ease of rearing and maintaining adults due to a fully aquatic life style. That ease of 
culture is reason for caution in applying FETAX results to species native to North America. 
The large differences in toxic response by co-occurring North American anurans suggests 
that it is risky to infer the response to exposure in one species based on the results of 
another species. If this is true for animals more or less adapted to the same specific habitat, 
this difference in response between species calls into question the wisdom of transfem'ng 
toxicity estimates between Xenopus and North American species with different evolutionary 
histories and ecological niches. 
The second step is identifying the proper endpoints for amphibian toxicological tests. 
Terata in FETAX are useful within the short time period of the test, but what effect would 
terata have on individuals in the natural environment? It may be possible to survive some 
malformations, such as kinked larval tails lost at metamorphosis, but not if a greater risk of 
predation cuts life short. The toxic effect of many compounds is an alteration in behavior. 
With amphibians any structural or behavioral alteration that increases predation may have 
effects at the population level. Years of research has shown that ELS tests of fish species 
provide good estimates for full life cycle tests by incorporating the most sensitive stages of 
development (68). Recent results suggest that amphibians may not be the most sensitive to 
chemical exposure during embryo and eariy larval stages. Almost no information is available 
on adult forms for properly estimating their relative susceptibilities to chemicals. Some 
traditional endpoints, such as length and weight, are difficult to interpret with animals that 
get shorter and lighter as they proceed from aquatic larvae to terrestrial adults. The bloat 
resulting from atrazine exposure reported by several investigators suggests that 
physiological function or organ damage might provide possible endpoints. The small size 
and low blood volume of most amphibians makes physiological and hematological studies 
even more challenging. 
To begin looking at some of the issues involved in making greater use of amphibians as 
toxicological subjects, I examined the responses obtained from exposure to atrazine. This 
undertaking surveyed various test methods and techniques for chronic exposures using 
several native species and Xenopus laevis in the FETAX protocol. Endpoints included 
growth, days to metamorphosis, final wet and dry weight, and final body length for the 
chronic studies. The range of concentrations used in the FETAX protocol examined the 
occurrence of malfomnations and was not within the lethal range. Approximations of real 
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worid exposures were examined with FETAX by testing for solvent effects in two 
commercial formulations and by testing atrazine in the presence of metolachlor. 
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CHAPTER TWO 
EFFECTS OF CHRONIC EXPOSURE TO ATRAZINE ON 
THE GROWTH RATE, METAMORPHOSIS AND JUVENILE SIZE 
OF THREE NORTH AMERICAN ANURANS 
Introduction 
The disappearance of amphibian populations on a regional and global scale is no 
longer news, but the causes for this ecological catastrophe remain unexplained (1). 
Analyses of population trends suggest that a sudden global decline has not occurred, but 
that heightened awareness has made longer term processes apparent (2). For many 
species, declines appear to have begun in the early to mid-1970s. Declines are marked in 
some areas, while in other areas amphibians continue to flourish (2). Additionally, declining 
and thriving species may be coexisting and congeneric, suggesting that taxonomic 
differences are not correlated with the declines (1). Species are disappearing from 
apparently pristine areas, as well as from highly altered landscapes (1). In cases where the 
causes for decline are known, they appear to be local in nature (1,2). 
Amphibians in the Midwestern United States have experienced both declines in 
numbers and complete disappearance from many sites (3). Anuran species of concern 
include the northern leopard frog {Rana pipiens Schreber), wood frog {R. sylvatica LeConte) 
and northern cricket frog {Acris crepitans Baird). A 1992-1993 study in Dickinson County, 
Iowa, an area retaining many of its original wetlands habitats, revealed the nature of 
declining populations (4). Reports from the frogging industry indicated that 20 million 
leopard frogs per year were shipped from this county at the turn of the century (4). Lannoo 
et al. estimated the current R. pipiens population at 50,000, and determined that only part of 
this decline can be attributed to habitat loss. From being 'common' in 1920, A. crepitans has 
disappeared from this county (4). Similar declines were recorded in a 1994 survey in 
Wisconsin. A. crepitans, a state endangered species since 1982, was found in only 11 of 65 
previously known sites, only two of which held many individuals (5). Lack of recent records 
suggests that A. crepitans is extirpated from Minnesota (6). A comparison of anuran records 
in northeastem Illinois from 1855, 1939 and 1995 indicated that/\. crepitans was nearly 
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extirpated, and that R. sylvatica were rare, while R. pipiens were still abundant, in 
northeastern Illinois (7). 
North temperate anuran species occupy temporally and spatially diverse habitats, but 
are universally linked to temporary or permanent bodies of water for breeding and early life 
development (8). Analysis of Wisconsin and Iowa breeding call surveys firom 1990 to 1995 
examined the relationship between anuran diversity and landscape features. Presence of 
several species, including R. pipiens, are positively associated with wetlands adjacent to 
field margins and agricultural land areas (9). Although there were few reports for A. 
crepitans, there is a suggestion that they may also be associated with wetlands near 
agricultural lands (9). The breeding season for R. pipiens in the northern portion of its range 
doesn't commence until the water wanns to 20®C. resulting in tadpoles which take up to 
three months or more to develop (10). A. crepitans are the latest species to come into full 
chorus and breed from late May into July (10,11). Development is rapid, with metamorphs 
emerging from shallow, vegetation-filled waters in five to 10 weeks (10). These life history 
features, in conjunction with the practice of eariy-season crop applications, make it likely 
that lan/ae of some native anurans will be exposed to agricultural chemicals from field runoff 
during or throughout development. 
Power et al. reached several important conclusions by reviewing over 400 toxicological 
studies that used amphibians as the subjects from the mid-1960s to 1989 (12). Pesticides, 
particularly herbicides, may have indirect effects on amphibians by altering the diversity or 
numbers of food items (12). Anuran larvae are, with few exceptions, filter and surface 
feeding herbivores and may be specialists on food of certain sizes (13). Aside from the 
stress of reduced food, herbicides exhibit a wide range of toxicities to amphibians resulting 
in developmental and behavioral abnormalities (12). Finally, they found no standardized 
methods for using amphibians as toxicological subjects. Methodologies used by the US 
Environmental Protection Agency (EPA) in 1975 were designed mainly for fish, and to a 
lesser degree, aquatic invertebrates (12). 
The primary application area for atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-
triazine), a commonly used herbicide, is the US Midwest and southern Ontario. The 12 state 
•conn belt' region (lA, IL, IN. KS. KY. Ml, MN, MO, NE, OH, SD, Wl) received 83 percent of 
the atrazine applications to com and 69 percent of the total atrazine applied in the US 
during 1993 (14). The US EPA market estimate for 1993 further reported that atrazine 
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applications in just four states (lA, IL, IN, NE) accounted for 52 percent of the com use and 
46 percent of the total atrazine applied during that year in the US (15). Changes in 
application practices led to a reduction in the total active ingredient (a.i.) applied from more 
than 100 million pounds during 1980 to only 65 million in 1993 for all crops in the US 
(14,15). Even with allowable application rates reduced during the 1990s, significant 
amounts of atrazine move off fields and into ground water resources. When assessing the 
hazard of atrazine exposure to wildlife species. Eisler summarized representative 
concentrations reported from field runoff (16). When heavy precipitation follows soon after 
application, high concentrations of atrazine can be found in the water and sediments of 
ponds and wetlands near fields (17). Spring runoff in May, 1974. was 1074 ng/L, which 
declined to 739 iig/L in June, in one Kansas study (17). A Pennsylvania study found levels 
above the 250 fxg/L detection limit for the assay used when testing small streams adjacent 
to agricultureal lands (18). As field runoff flows into larger streams, concentrations 
appreciably decrease. Atrazine in streams in southern Ontario has been recorded at levels 
from 0.01 to 26.9 ng/L, while levels in northern Ohio ranged from 0.1 to 45.7 |ig/L in 1980 
(19). Studies on major streams indicate the spring flush of atrazine that follows the 
application season declines rapidly to the lowest values of the year during August (20-22). 
In contrast, standing water of wetlands and impoundments near agricultural fields 
experience slower declines in the atrazine concentration. An eariy study on atrazine fate in 
farmponds found an application of 300 jig/L in July 1973 had only declined to 21 ^ig/L at the 
beginning of the 1974 application season (23). 
Amphibians breeding in surface waters adjacent to com fields may be exposed to 
atrazine in runoff during part or all of their larval period. What effect this has on 
development and behavior has received little attention. The first report of atrazine effects 
sprang from the amphibian breeding failure in a pond contaminated by runoff (24). Among 
the 400 studies reviewed by Power et al. only one included atrazine (12). The fate study 
mentioned above analyzed tissue residues of biological components to determine 
bioconcentration factors (23). Tadpoles of Rana catesbeiana exhibited atrazine levels about 
equal to the concentration in the water (23). Several acute exposure studies have been 
performed over the years using a range of methods from flow-through systems to the Frog 
Embryo Teratogenesis Assay-Xenopas (FETAX) (25-28). The test organisms were often 
the species locally available, including R. catesbeiana, R. pipiens and Bufo americanus 
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(26,27); or lab reared R. pipiens or Xenopus laevis (25,28). A single chronic report included 
naturally occunring R. pipiens tadpoles in an artificial stream study of ecosystem response to 
atrazine exposure (29). 
The objective of this study was to determine the response of larval anurans to chronic 
atrazine exposure. Tadpoles of three species of North American frogs were exposed to 
environmentally relevant levels of atrazine from the first feeding stage through 
metamorphosis. Endpoints examined included growth rate during the first three weeks of 
exposure, days to metamorphosis and size immediately after metamorphosis. The null 
hypothesis was that atrazine exposure would have no effect on these endpoints. Alternately, 
any effects observed may help shed light on potential stresses to which native populations 
might be exposed in agricultural landscapes. 
Materials and Methods 
Test organisms 
Three species of anurans were used, each with a distinctive breeding season and life 
history strategy. Wood frogs (R sylvatica) are explosive breeders with entire populations 
laying clutches of 500 to 800 eggs within a two week period in the eariy spring. This may 
begin before ice is completely gone from the shallow ponds and temporary pools they prefer 
(10,11). They develop quickly and metamorphose within six to nine weeks at a small size, 
with considerable growth occumng before maturity at 5 to 7 cm (30,31). Northern leopard 
frogs (R pipiens) produce egg masses of 2000 to 5000 eggs during late spring to eariy 
summer in a wide variety of aquatic habitats, especially those associated with grasslands. 
Almost any water body free from fish and adult R catesbeiana is suitable for the lengthy 
developmental period, which may last to 12 weeks or more. Conditions during the larval 
period greatly influence the size of metamorphic individuals, sometimes requiring 
considerable growth before maturity at 5 to 9 cm (32). Cricket frogs {A. crepitans) in Iowa 
were found to breed from mid-May to mid-July, with the primary breeding period occurring In 
June. The 3.8 cm females produce 200 eggs or less in scattered clumps of 10 to 15 eggs. 
Metamorphs emerge in 5 to 10 weeks, with most of the 2 cm juveniles appearing around the 
first of August (10,33). They have a preference for shallow ponds, potholes and ditches with 
grassy vegetation for concealment for adults and young (11). 
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Developing enribryos of all species were obtained from biological suppliers in order to 
obtain sufficient numbers at the same stage of development. As a result, it is not known 
how many matings contributed to the group of animals tested. Best estimates from the 
numbers received and the average size of clutches for the various species are: R. sylvatica, 
at least two clutches; A. crepitans, four to six clutches; R. pipiens, perhaps only one, or at 
most two. Because of this uncertainty, there was no means of controlling for possible 
genetic variability during statistical analysis of the responses observed. On receipt, 
developing egg masses and the shipping water were added to several liters of conditioned 
lab water at room temperature, 19 to 23®C. Debris, extraneous gelatin material and non-
developing embryos were removed twice daily until ail larvae hatched from the egg 
membrane. Tests were initiated after the opercular fold enclosed the external gills and some 
individuals were attempting feeding movements. Organogenesis is well advanced by this 
stage and any naturally occum'ng anomalies that would preclude normal development were 
already apparent. 
About 200 R. sylvatica embryos at Shumway Stage 15 to 17 were received from 
Carolina Biological Supply Company (Buriington, NC, USA) on 11 April 1996 (34). It is not 
known whether these were the result of injection-induced egg laying or obtained from 
spontaneous mating. Test exposure began on 17 April with 150 individuals at Shumway 
Stage 25 (34). Less than 100 A. crepitans embryos were obtained from the Charies D. 
Sullivan Company (Nashville, TN, USA) on 13 June 1996. Egg masses were gathered from 
open breeding ponds during the reproductive season of resident individuals. Exposures 
were initiated at Shumway Stage 22 to 23. Rana pipiens larvae received from Nasco (Fort 
Atkinson, Wl, USA) resulted from induced egg laying in frogs harvested the previous fall and 
held over winter. There was significant mortality among the 400 embryos received on 23 
April 1997, resulting in a test setup on 30 April that used 125 R. pipiens larvae at Shumway 
Stages 25 to 26 (34). 
Test Chemicals 
Reagent grade atrazine (99 percent purity) was obtained flrom Chem Service (West 
Chester, PA, USA). An initial solvent dilution was prepared by weighing the necessary 
amount of atrazine on a Mettler 3000 Analytical Balance to 0.0001 g and placing it in 5 ml of 
analytical grade acetone. Since acetone is frequently used as a solvent for organic 
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chemicals, it was believed this would enhance the solution of atrazine, which has a low 
solubility in water (33 mg/L). Treatment stock dilutions were prepared by further diluting 
aliquots of this solvent dilution to 10 ml with water and a total of 2 ml of acetone. Uniform 
amounts of these treatment stock dilutions were then added to measured volumes of water 
in the test vessels to reach the target dilution. This dilution procedure assured that the same 
amount of acetone was added to each test vessel. The final concentration of acetone in test 
vessels was 0.03 % v/v for R. sylvatica and 0.02 % v/v for both A. crepitans and R. pipiens. 
An acetone control was run with each test procedure, and is herein referred to as the 0 jig/L 
treatment to distinguish it from a water control to which nothing was added. 
Three treatment levels were chosen to represent the broad range of concentrations 
amphibians might be exposed to in the environment. A concentration of 30 |ag/L (parts per 
billion) was considered representative of levels found in lower order streams and associated 
wetlands (19). It was assumed that many amphibians may be exposed to such a 
concentration on an annual basis in many agricultural landscapes. Where stream flow is 
hindered, or impoundments retain runoff, levels near 300 ^ig/L might be fairly common, so a 
treatment at this concentration was included to represent a high normal range (18). Under 
unusual circumstances, atrazine levels might be extremely elevated in some sites (17). An 
exposure concentration of 600 (ig/L represented a worst case situation to account for such 
incidents. These ranges should assure no overlap of exposure values if dilution preparation 
or evaporation slightly altered actual levels of atrazine from the nominal values. 
Dilutions were prepared weekly in adequate volumes to replenish treatment containers 
during the cleaning process performed on alternate days. Prepared solutions were stored in 
capped 3.8-liter clear glass jars in the room in which the tests were performed. Samples for 
atrazine determinations were taken from a randomly selected test container for each 
concentration during the first week of each experiment, during the approximate mid-point of 
exposure, and as the first tadpoles approached metamorphosis. Each set of paired samples 
for analysis consisted of the final dilution from a treatment container on the day dilutions 
were prepared, and another sample from the same container one week later prior to 
cleaning. Enzyme-linked immunoassay analysis (EIA) of paired treatment samples from a 
pilot study conducted with the same exposure concentrations indicated that evaporation 
was not a significant problem in the uncovered test vessels. 
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Samples were frozen until analyzed for atrazine with an enzyme linked immunoassay 
(EIA) test kit (OhMicron Diagnostics, now Strategic Diagnostics, Newtown, PA, USA). 
Studies of surface and well water have compared results of EIA to GC and GC/MS methods 
for determining atrazine concentrations (35,36). Good correspondence among the values 
obtained in such studies indicates that analyzing single samples under good laboratory 
practices adequately determines atrazine concentrations at the levels used in our 
experiments. Each EIA kit includes standards and a control which are included with each 
test performed. Standards run in duplicate are used for generating the three-point standard 
curve on the RPA RaPID Analyzer (OhMicron Diagnostics. Newtown, PA, USA) 
programmable spectrophotometer. Coefficients of variation for duplicate standards of less 
than 10 percent, and the control value within the range provided by the supplier, are 
necessary for a test to be valid. 
Test water 
Water for all tests was obtained from the water system used in the Xenopus Facility at 
Iowa State University, which has successfully reared amphibians for more than 15 years. 
Water is drawn from a municipal water source (Ames, lA) and filtered through eight serially 
arranged activated carbon filters (Culligan Water Conditioning). For all three experimental 
procedures, water was drawn once a week on the day preceding dilution preparation. 
Quality analysis was camed out weekly at the time water was drawn (Table 4). A 
Radiometer/Copenhagen Model pHM82 pH meter, calibrated at each use with commercially 
available buffers at pH 4, 7 and 10, was used to measure pH. Dissolved oxygen levels were 
detemiined with a YSI O2 meter (Yellow Springs Instruments, Yellow Springs, OH, USA). An 
Aquarium Pharmaceuticals, Inc. chlorine and chloramine test kit was used for determining 
chlorine and total ammonia levels in the R. sylvatica study. Chlorine and ammonia for the A. 
crepitans and R. pipiens studies, and all other water chemistries for all studies, were 
perfonned with Permachem Reagent test kits (Hach Company, Loveland, CO, USA). 
Alkalinity, hardness and chlorine were manually titrated to a visible endpoint, while nitrate, 
nitrite, and chlorine were read on a DR/200 flow-through spectrophotometer. Equipment and 
quality control for the YSI O2 meter and spectrophotometer was maintained by the Water 
Quality Lab in the Department of Animal Ecology at Iowa State University. 
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Table 4. Water Quality for Chronic Atrazine Exposure Tests. Means and standard 
deviations from weekly analysis on freshly drawn water supply for R. sylvatica (n 
= 8,17 April to 4 June 1996), A. crepitans (n = 8; 24 June to 12 August 1996) 
and R. pipiens (n = 13, 29 April to 22 July 1997). All pH values determined on a 
Radiometer/Copenhagen pH meter and DO measured with a YSI O2 meter. 
Lowest detectable limits given for chlorine and ammonia determined with a 
visual colorimetric method (Aquarium Pharmaceuticals) used for R. sylvatica. All 
other values determined by Permachem Reagent test kits (Hach Company). 
Parameter R. sylvatica A. crepitans R. pipiens 
pH 6.9 ±0.1 6.9 ±0.1 7.5 ±0.2 
Alkalinity, mg CaCOa 49 ±21 62 ±28 45 ±9 
Hardness, mg CaCOa 173 ±20 163 ±19 145 ±19 
Dissolved oxygen, ^g/L 6.87 ±0.75 6.05 ±0.77 5.56 ±1.17 
Nitrate, mg/L 0.6 ± 0.3 0.9 ± 0.1 0.5 ± 0.1 
Nitrite, mg/L 0.005 ± 0.004 0.006 ± 0.002 0.016 ±0.023 
Ammonia, mg/L less than 0.5 0.02 ± 0.02 0.01 ± 0.01 
Chlorine, mg/L less than 0.25 none detected none detected 
Experimental design 
The experimental setup for all tests was a randomized complete block design. Larvae 
were sorted for similarity of size and developmental stage and then distributed randomly to 
groups of the appropriate number (five for both Rana species, four for Acris) in small plastic 
containers. These groups were then randomly assigned, through the use of a random 
numbers table, to a treatment container which had also been randomly assigned a position 
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on shelves where test containers were maintained (37). For the two Rana experiments, 
exposures were conducted in five-liter capacity molded glass aquaria, which had been acid 
washed to remove organic materials prior to initiation of the tests. The initial treatment 
volume for R. sylvatica was 3000 ml, but was reduced to 1500 ml after two weeks. Volume 
for R. pipiens began at 1000 ml and was increased to 2000 after two weeks. Due to their 
small size, the larvae of A. crepitans were exposed in 250 ml capacity glass 'finger bowls' in 
a volume of 200 ml. 
The number of individuals per replicate was determined more by the number of 
individuals of uniform size and stage available than by experimental design considerations. 
One difficulty with chronic aquatic exposure studies Is the impact of mortality on Individuals 
remaining in test containers (38). The volume of solution should be per individual should be 
consistent throughout exposure, suggesting that the volume should be reduced following 
each mortality. The consequent effect a reduced volume has on the growth of remaining 
larvae may confound the effect of the treatment (39). Therefore, it is not appropriate to 
examine mortality and growth effects within the same treatment because of this interaction. 
Because we were using atrazine concentrations much below levels reported lethal for fish, 
mortality was not an intended endpoint. The number of individuals per container was much 
less than the 15 to 25 used in chronic studies with other chemicals which used anuran 
larvae (38). For these reasons, it was determined to maintain replicates with uniform 
volumes of solution throughout the treatment. 
Optimal replicate number was detenmined with the power analysis method presented by 
Gad and Weil which uses a known standard deviation, from eariler or similar studies, and 
the anticipated range of variability in the endpoint to be measured (40). Pilot studies with 
Xenopus laevis and Bufo americanus provided sufficient information on metamorph weight 
and length to calculate an adequate N, or replicate number. Between four and five 
replicates were considered sufficient for the observed variability In tadpole growth, but six 
replicates for each of the five treatments (control, 0, 30, 300 and 600 jig/L) were included 
for R. sylvatica. This was a safety factor in the event a replicate self-censored, i.e. all 
Individuals died. Mortality was lower than anticipated throughout the exposure period for R. 
sylvatica, so only five replicates were used with R. pipiens, and only four for A. crepitans 
due to the limited number of larvae available. 
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Determination ofendpoints 
At initiation of exposure, and weekly thereafter for three weeks, larvae from each 
container were weighed as a group on an Ohaus electronic balance to 0.001 g. This was 
accomplished by pouring all individuals and a small volume of solution into a plastic weigh 
boat. The remaining solution was carefully removed with a plastic pipette until no beads of 
water remained on the weigh boat or larvae, at which point they were quickly weighed and 
returned to treatment vessels. Replicate averages were determined for weekly absolute 
weight and change in weight over the first three weeks of exposure as an estimate of 
growth rate. 
The plastic weigh boats containing the larvae and treatment solution were 
photographed just prior to weighing each week. Each B/W print contained the dish number, 
treatment level, date and a metric rule. Differences in pigmentation, body shape and growth 
rate permitted identification sufficient for following individual growth over the three-week 
period represented in the prints. Measurement of snout-vent length (SVL) and total length 
(TL) to 0.1 mm was accomplished by comparing the length of the individual to the metric 
rule in the print with a set of draftsman dividers. The change in SVL and TL for each 
individual, as well as the absolute values for both lengths, were used to calculate replicate 
mean values. 
Number of days to metamorphosis was recorded when the first forelimb emerged to 
signal the onset of metamorphic climax (Taylor-Kollros Stage XX) (41). Tadpoles were 
removed from treatment solutions at that time and held individually in quart jars in 
decreasing amounts of water as they metamorphosed. The presumptive date of egg laying, 
based on the stage at which the embryos were received, was signified as Day 0, and the 
onset of metamorphosis was counted from that date. 
At completion of metamorphosis (Taylor-Kollros Stage XXV), metamorphs were blotted 
dry with laboratory tissues and weighed on an electronic balance to 0.001 g. After they were 
euthanized by over-anesthetizing with tricaine (MS-222) (Sigma-Aldrich, St. Louis, MO, 
USA), they were placed in a natural position (with legs flexed), pressed flat with moderate 
pressure, and the SVL measured with an Mitutoyo digital caliper. Most specimens of R. 
sylvatica and A. crepitans were preserved by freezing. These were later dried to a constant 
weight to determine final dry weight. Metamorphs of R. pipiens were fixed in 3 percent 
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formalin for 24 hours, then preserved In 70 percent ethanol for later abdominal cavity 
examination; thus preventing determination of dry weights for R. pipiens. 
Environmental management 
Tests were conducted in a small laboratory permitting a degree of control over 
environmental conditions. Photoperiod was automatically controlled and provided a 14/10 
L/D cycle with standard fluorescent lighting; no natural light was available in the room. 
Because the room was isolated from exterior walls and partly isolated from the air 
conditioning system, there was little diurnal fluctuation in room temperature. As a result the 
water temperature in treatment containers remained fairly uniform (Table 5). 
In contrast to most acute toxicity tests, chronic studies must address two major 
difficulties. Specimens are often not fed during 96-h exposure tests, even if at a stage that 
normally feeds. For long-term studies such as the ones reported here, it is necessary to 
feed and deal with the wastes produced. On alternate days, both Rana species were fed an 
excess amount of Frog Brittle (Nasco, Fort Atkinson, Wl, USA), a commercial preparation 
purported to be a balanced diet for frogs, but formulated mostly for maintaining Xenopus 
larvae. Three to five hours later, the remaining food and accumulated wastes were carefully 
siphoned through a length of glass tubing attached to a graduated flask which trapped the 
Table 5. Average Daily Air and Solution Temperatures for Chronic Exposure Studies. 
Means and standard deviations for R. sylvatica (n = 55, 17 April to 4 June 
1996), A. crepitans (n = 62; 24 June to 12 August 1996) and R. pipiens (n = 84, 
29 April to 22 July 1997). 
Species test Room temperature, °C Solutions temperature, °C 
R. sylvatica 
A. crepitans 
R. pipiens 
22.8 ± 0.3 
22.8 ± 0.3 
23.3 ± 0.5 
20.2 ± 0.8 
21.7 ±0.5 
21.2 ±0.9 
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wastes and water for measurement. The volume aspirated was replenished from the 
dilutions prepared on a weekly basis. It was necessary to replenish at least 350 mi, or 
approximately one-third the volume, in this manner to reduce the accumulation of ammonia 
in the water. This approach to feeding and waste management was used in chronic 
exposure studies with anuran larvae to other chemicals (38). 
Once a week containers were fully drained after carefully decanting the larvae into 
small holding containers; test vessels were scrubbed with Alconox, rinsed twice with tap 
water and twice with distilled water before being refilled with treatment solution. This 
process helped to control the growth of water molds {Saprolegnia) and other 
microorganisms in the treatment solutions. Although the weekly handling was an additional 
stressor on the larvae, this practice was judged to be preferable to introduction of another 
chemical into the water as an antimicrobial. 
The small size and small treatment volume of A. crepitans required a different 
approach. They were fed an excess amount daily. After several hours when the larvae were 
not observed feeding and appeared sated, the entire volume of the dish was carefully 
drained off with a siphon, then carefully refilled. Dishes were cleaned on a weekly basis in 
the same manner as for Rana. 
Statistical analysis 
Initial analysis of early growth, days to metamorphosis and post-metamorphic weight 
and length among the treatment levels was performed with SAS Version 5 on a UNIX 
system. The GLM (general linear model) procedure was used to perform an ANOVA on the 
means, followed by Bonferroni (Dunn) t-tests when significance was indicated. The 
Bonferroni approach controls for Type I error, reducing the possibility of finding a significant 
difference among the observed results when, in fact, none exists. Such an approach is 
necessary when making multiple comparisons among the same set of individuals. This is 
particulariy necessary when it is not clear to what extent the selected endpoints are 
correlated. However, it can be assumed that the measurement of weight or length of 
individuals over the first three weeks is correlated making it more appropriate to employ a 
multivariate analysis. Therefore, a repeated measures MANOVA was performed on the 
absolute weights or lengths with JMP software (SAS Institute, Inc.), followed by Dunnett's 
comparison of means when significance was indicated to identify the treatments that 
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differed from the control. Analysis of covariance between initial weight or length and 
treatment level was used to determine if significant effects resulted from the treatment or 
differences among the test groups at the outset. 
Statistical analyses for description of environmental factors and atrazine concentrations 
were performed with MS Excel (Version 5, Microsoft Corporation) on personal computers. 
RESULTS 
Effect of acetone soivent 
A water control was included with all exposure tests to evaluate the role of acetone in 
any observed responses. The final concentration of acetone in the 0 fxg/L control and all 
treatment solutions was either 0.02 % v/v {A. crepitans and R. pipiens) or 0.03 % v/v (R. 
sylvatica). This was below the 1 % v/v level considered the threshold for significant effects 
in acute exposures with anuran embryos (42). Even at this trace level, it was necessary to 
determine if the presence of acetone had a significant effect on the measured endpoints in 
these chronic tests (Table 6). Acetone could potentially enhance, delay or leave larval 
development unaffected. Among the three species tested here, A. crepitans and R. pipiens 
appeared to have enhanced growth in the presence of acetone, while R. sylvatica had 
inhibited growth. 
There was a significant effect of acetone (two-tailed t-tests, a = 0.05) on half of the 
values from the A. crepitans (12 of 25 factors) and R. pipiens (12 of 24 factors) studies, but 
only In weight at three weeks and days to metamorphosis for R. sylvatica (3 of 25 factors). 
The direction of response to acetone for A. crepitans and R. pipiens was toward faster 
growth and eariier metamorphosis. In contrast, acetone appeared to delay growth and days 
to metamorphosis in R. sylvatica. These responses were most noticeable in the eariy 
growth stage, and did not persist into the metamorphic or post-metamorphic periods. 
Because of the prevalence of the solvent effect and the apparent difference in response to 
acetone among all species tested, the 0 |ig/L control (solvent control) was used as the 
baseline against which all treatment responses were evaluated in statistical analyses. 
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Table 6. Student's T-Tests Comparing Water Controls and Solvent Controls in Chronic 
Exposure Studies. Calculated t values from two-tailed, paired t-tests (a = 0.05) 
on mean values listed in Appendix C for water and acetone controls. Significant 
differences between the control and solvent controls are marked with an 
asterisk. Solvent controls contained 0.02 % v/v acetone in the A. crepitans (n = 
4) and R. pipiens (n = 5) studies, and 0.03 % v/v for R. sylvatica (n = 6). 
Endpoint A. crepitans R. sylvatica R. pipiens 
Starting weight 0.215 0.561 0.705 
Weight at 1 week 0.001* 0.584 0.008* 
Wt. change in 1 week 0.827 0.855 0.009* 
Weight at 2 weeks 0.064 0.560 0.035* 
Wt. change in 2 weeks 0.221 0.078 0.036* 
Weight at 3 weeks 0.031* 0.036* 0.090 
Wt. change in 3 weeks 0.111 0.036* 0.090 
Starting SVL 0.335 0.329 0.131 
SVL at 1 week 0.081 0.540 0.001* 
SVL change in 1 week 0.002* 0.795 0.002* 
SVL at 2 weeks 0.037* 0.109 0.007* 
SVL change in 2 weeks 0.016* 0.123 0.006* 
SVL at 3 weeks 0.007* 0.061 0.014* 
SVL change in 3 weeks 0-001* 0.063 0.015* 
Starting TL 0.447 0.673 0.958 
TL at 1 week 0.035* 0.291 0.034* 
TL change in 1 week 0.074 0.365 0.037* 
TL at 2 weeks 0.036* 0.139 0.098 
TL change in 2 weeks 0.060 0.167 0.104 
TL at 3 weeks 0.176 0.057 0.111 
TL change in 3 weeks 0.159 0.063 0.115 
Days to metamorphosis 0.059 0.024* 0.336 
Metamorph SVL 0.033* 0.802 0.267 
Fresh weight 0.013* 0.736 0.299 
Dry weight 0.004* 0.426 N/A" 
3 N/A specimens not analyzed for this feature 
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Mortalities 
Although the concentrations of atrazlne were below the expected lethal level, mortalities 
occurred with all species tested (Table 7). Most mortalities are associated with two time 
periods, eariy in the exposure period or during metamorphosis. The numbers ranged from 
relatively few among A. crepitans to numerous for R. pipiens. Survivorship of R. pipiens 
tadpoles was problematic throughout the experiment. Less than half of the developing 
embryos received were useful at initiation of exposure. During the pre-metamorphic period 
there was considerable mortality, and further deaths occurred during metamorphosis. 
Several of the dead metamorphs exhibited signs of 'red leg' infections caused mainly by 
Aeromonas hydrophila, such as bloody exudates from the mouth and swollen oral mucous 
membranes. A final source of mortality was failure to develop and enter metamorphosis 
among several individuals. Therefore, total mortality for R. p/p/ens was 51 percent, but was 
Table 7. Mortality Among Tadpoles Chronically Exposed to Three Levels of Atrazine. 
Mortalities during exposure occurred mostly in the first three weeks of 
treatment. Metamorphic failure was ascribed to individuals with at least one 
forelimb emerging prior to death. Parenthetical values are individuals who failed 
to enter metamorphic climax and were terminated after ail other individuals in 
the test had metamorphosed. 
Treatment A. crepitans R. sylvatica R. pipiens 
During Metamorphic 
Exposure Allure 
During 
Exposure 
Metamorphic 
Allure 
During 
Exposure 
Metamorphic 
^ilure 
Control 1 5(1) 9 2 11 2(2) 
0 fig/L 1 8 1 6 4(3) 
30 ng/L 1 4 — 10 4(2) 
300 ^ig/L - — 4 1 1 7(3) 
600 ^ig/L - — 3 3 6 0(3) 
Totals 9 (11%) 35 (23%) 64 (51%) 
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evenly distributed across all controls and treatments. No significant difference among 
treatments was found when compared by ANOVA (P = 0.343, a = 0.05). 
Acris crepitans 
For A. crepitans, the acetone control (0 |ig/L) experienced the fastest growth and 
produced the largest metamorphic individuals (Figures 3-11). Any advantage derived from 
the presence of acetone was not observed in the atrazine treatments, as each treatment 
level had reduced growth and produced smaller metamorphic frogs compared to the 0 pig/L 
control. 
When comparing the total increase in weight or length over the three week period, only 
the increase in SVL for the 300 jig/L treatment was significantly lower than the acetone 
control (Figure 5). An analysis of growth rate based on the absolute weights or lengths is 
more appropriate and more informative (Figures 4, 6 and 7). Results of the MANOVA for all 
three measures Indicated a significant difference among the treatments compared to the 
control values (weight, P = 0.0395; SVL, P = 0.203; TL, P = 0.0027). These effects were due 
to the reduced growth of the 300 ^ig/L atrazine treatment, which had significantly reduced 
change in weight, SVL and TL as indicated by Dunnett's comparisons. Growth was most 
reduced in this treatment during the third week of exposure. The influence initial weight and 
body measurements may have had on obtaining these results was investigated by an 
analysis of covariance, and was found to not have an effect (a = 0.05). 
The slowed increase in weight and length during eariy growth was also reflected in the 
days to metamorphosis, with the fastest growing individuals metamorphosing eariier (Figure 
8). The delay in metamorphosis between treatments and the 0 ^g/L control was significant 
at the 300 |ig/L and 600 |ig/L treatment levels (Bonferroni t-tests, a = 0.05). It may be that 
body length is an important determinant for metamorphosis in A. crepitans, since the faster 
growth and eariier onset of metamorphosis in the 0 iig/L control did not produce notably 
longer metamorphs (Figure 9). Not only is there little difference between treatments, but 
within treatments there is little variability. In contrast to the lack of a trend in post-
metamorphic length, both wet and dry weights for A. crepitans exhibit the same decreasing 
trend with increasing exposure concentration (Figure 10 and 11). This is most marked in the 
dry weight, where both the 300 ng/L and 600 |ig/L treatments are significantly different (a = 
0.05) as compared to the 0 (ig/L control. 
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Figure 3. Gain in Weight over Three Weeks of Atrazine Exposure in A. crepitans. Mean 
change in weight in g, not total weight, for each week contributes to the height 
of the bar, with the first week in the lower portion. ANOVA was performed on the 
total change in weight over this period, or the entire height of the bar. Error bars 
represent the standard deviations of the means (n = 4 replicate dishes for each 
treatment). 
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Figure 4. Weight over Three Weei<s of Atrazlne Exposure in A. crepitans. Total weight at 
onset of exposure and at three week intervals to represent rate of gain. 
Repeated measures MANOVA indicated a significant treatment by week 
difference in the rates of gain (P = 0.0395). This resulted from a significantly 
reduced weight in the 300 \iglL atrazine treatment. 
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Figure 5. Increase in Standard Body Measurements of A. crepitans Larvae Exposed to 
Atrazine. Mean change in snout-vent length (SVL) and total (body and tail) 
length (TL) determined from measurements on photographic prints with a metric 
scale included. ANOVA and post hoc tests were perfonned on the total change 
in lengths over this period, or the entire height of the bar. Mean and standard 
deviations for four replicate dishes for each treatment. Only the 300 jig/L 
atrazine treatment had a significantly reduced growth in SVL, as determined by 
Bonferroni t-tests (a = 0.05). 
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Figure 6. Snout-Vent Length of A. crepitans Larvae Exposed to Atrazine. SVL at onset of 
exposure and at three week inten/als to represent rate of increase. The * 
indicates a significant difference between treatments and the 0 jig/L solvent 
control as determined by a repeated measures MANOVA (P = 0.0203). The 300 
fig/L atrazine treatment exhibited a significantly slower increase in SVL. 
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Figure 7. Total Head Body Lengths of A. crepitans Larvae Exposed to Atrazine. TL at 
onset of exposure and at three week intervals to represent rate of increase. The 
* indicates a significant difference (P = 0027) between treatments and the 0 ug/L 
solvent control. The 300 jig/L atrazine treatment exhibited a slower increase in 
TL. 
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Figure 8. Days to Metamorphosis for A. crepitans Chronically Exposed to Atrazine. Days 
calculated from the presumptive date of egg laying to the day at least one 
forelimb emerged, signaling onset of metamorphic climax. Means and standard 
deviations charted for four replicates of a solvent control (0 |ig/L) and three 
exposure levels. The * indicates a significant difference (a = 0.05) between 
treatments and the 0 i^g/L solvent control. 
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Figure 9. Snout-Vent Length of Metamorphic A. crepitans Chronically Exposed to Atrazine 
as Tadpoles. Measurements taken on euthanized froglets positioned with legs 
flexed in a natural position and bodies adpressed to a flat surface. The 69 
individuals measured were uniformly distributed among all controls and 
treatment concentrations. 
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Figure 10. Fresh Body Weight of Metamorphic Frogs Chronically Exposed to Atrazine. 
Fresh weights were taken prior to euthanizing juveniles at completion of 
metamorphosis (Taylor-Kollros Stage XXV) (41). The 69 individuals measured 
were uniformly distributed among all controls and treatment concentrations. The 
* indicates a significant difference (a = 0.05) between treatments and the 0 jig/L 
solvent control determined by ANOVA and Bonferroni t-tests. 
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Figure 11. Dried Body Weight of Metamorphic Frogs Chronically Exposed to Atrazine. 
Specimens dried to a uniform weight at 200°C. The 69 individuals measured 
were uniformly distributed among all controls and treatment concentrations. The 
* indicates a significant difference (a = 0.05) between treatments and the 0 |ag/L 
solvent control determined by ANOVA and Bonferroni t-tests. 
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Rana sylvatica 
Instead of increasing the rate of growth, as in A. crepitans, the presence of acetone 
reduced weight gain and increase in SVL and TL in all treatments exposing R. sylvatica 
compared to the water control (Table 6). The disadvantage from the presence of acetone 
was overcome, to a degree, in the atrazine treatments as exhibited by indication of greater 
growth (Figures 12-16). However, none of these differences among the atrazine treatments 
and the 0 ng/L solvent control were significant. It is notable that weight gain increases with 
increasing atrazine concentrations, a pattern that contrasts with the responses observed 
with A crepitans (Figures 12 and 13). This is also observed with increases in body 
measurements (Figures 14-16). Repeated measures MANOVA revealed these differences 
in growth rate among the treatments and controls were not significant (weight, P = 0.370, 
SVL, P = 0.056, TL, P = 0.784). 
There were no differences in days to metamorphosis or post-metamorphic SVL among 
the R. sylvatica treatments compared to the acetone control (Figures 17 and 18). In contrast 
to the pattem of response observed during eariy growth, the post-metamorphic fresh and 
dry weight in R. sylvatica indicated a dose-dependent decrease with increasing atrazine 
concentration (Figures 19 and 20). However, the differences between atrazine 
concentrations and the 0 jig/L were not significantly different. 
Rana pipiens 
The response In R. pipiens to the presence of acetone was more similar to that 
observed with A. crepitans than to the response of R. sylvatica (Figures 21-28). Acetone 
produced enhanced growth and earlier development than the water control, but some of this 
advantage was not observed in the presence of atrazine. No suggestion of a dose-
dependent response is indicated with R. pipiens. Although the 0 ng/L acetone control had a 
greater rate of early weight gain, the variability observed in the change of weight was large, 
contributing to a finding of no significant differences among all treatments (a = 0.05) (Figure 
21). When absolute weights were compared over the three weeks, there is less variability 
around the means and a clear separation of the 0 jig/L control and all atrazine treatments. 
Repeated measures MANOVA found the differences in this case were not significant (P = 
0.0675). Similar results were observed with increases body measurements over the first 
three weeks of exposure. The variability for the changes in SVL and TL were quite large, so 
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Figure 12. Gain in Weight over Three Weeks of Atrazine Exposure in R. sylvatica. Mean 
change in weight, not total weight, for each week contributes to the height of the 
bar, with the first week in the lower portion. ANOVA and post hoc tests were 
performed on the total change in weight over this period, or the entire height of 
the bar, and found no significant differences (a = 0.05). Mean values are 
graphed with the error bars representing the standard deviations (n = 6 replicate 
dishes for each treatment). 
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Figure 13. Weight over Three Weeics of Atrazine Exposure in R. sylvatica. Total weight at 
onset of exposure and at three week intervals to represent rate of gain. 
Repeated measures MANOVA found no significant differences among 
treatments and the control (P = 0.370). Mean values are graphed with the error 
bars representing the standard deviations (n = 6 replicate dishes for each 
treatment). 
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Figure 14. Increase in Standard Body Measurements of R. sylvatica Exposed to Atrazine. 
Mean change in snout-vent length (SVL) and total (body and tail) length (TL) 
detemriined from measurements on photographic prints with a metric scale 
included. ANOVA and post hoc tests were performed on the total change in 
lengths over this period, or the entire height of the bar, and found no significant 
differences (a = 0.05). Mean and standard deviations for six replicate dishes for 
each treatment. 
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Figure 15. Snout-Vent Length over Three Weeks of Atrazine Exposure in R. sylvatica. 
Snout-vent length (SVL) at onset of exposure and at three week intervals to 
represent rate of gain. Repeated measures MANOVA found no significant 
differences among the treatments and control (P = 0.056). Mean values for six 
replicates per treatment are graphed with the error bars representing the 
standard deviations. 
68 
40.00 
- -B- 30 ug/L 
- -A- - 300 ug/L 
- - B - - 600 ug/L 35.00 
30.00 
E 
E 
o> 
c 25.00 
o> 
3 o 
I-
20.00 
15.00 
10.00 
0 2 1 3 
Week 
Figure 16. Total Body Length over Three Weeks of Atrazine Exposure in R. sylvatica. 
Combined head-body length at onset of exposure and at three week intervals to 
represent rate of gain. Repeated measures MANOVA found no significant 
differences among the treatments and control (P = 0.784). Mean values for six 
replicates per treatment are graphed with the enror bars representing the 
standard deviations. 
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Figure 17. Days to Metamorphosis for R. sylvatica Chronically Exposed to Atrazine. Days 
calculated from the presumptive date of egg laying to the day at least one 
forelimb emerged, signaling the onset of metamorphic climax. Means and 
standard deviations charted for six replicates for the solvent control (0 |ig/L) and 
each exposure levels. ANOVA found no significant differences among 
treatments and control (a = 0.05). 
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Figure 18. Snout-Vent Length of Metamorphic R. sylvatica Chronically Exposed to Atrazine 
as Tadpoles. Measurements taken on euthanized froglets positioned with legs 
flexed in a natural position and bodies adpressed to a flat surface. The means 
and standard deviations are based on 115 measured individuals that were 
uniformly distributed among all controls and treatment concentrations. ANOVA 
found no significant differences among treatments and control (a = 0.05). 
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Figure 19 Fresh Body Weight of Metamorphic R. sylvatica Chronically Exposed to 
Atrazine. Fresh weights were taken prior to euthanizing juveniles at completion 
of metamorphosis (Taylor-Kollros Stage XXV) (41). The means and standard 
deviations are based on 115 measured individuals that were uniformly 
distributed among all controls and treatment concentrations. ANOVA found no 
significant differences among treatments and control (a = 0.05). 
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Figure 20 Dried Body Weight of Metamorphic R. sylvatica Chronically Exposed to 
Atrazine. Specimens were dried to a constant weight. The means and standard 
deviations are based on 115 measured individuals that were uniformly 
distributed among all controls and treatment concentrations. ANOVA found no 
significant differences among treatments and control (a = 0.05). 
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Figure 21. Gain in Weight over Three Weeks of Atrazine Exposure in R. pipiens. Mean 
change in weight, not total weight, for each week contributes to the height of the 
bar, with the first week in the lower portion. ANOVA and post hoc tests were 
performed on the total change in weight over this period, or the entire height of 
the bar and found no significant differences (a = 0.05). Mean values are 
graphed with the error bars representing the standard deviations (n = 5 replicate 
dishes for each treatment). 
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Figure 22. Weight over Three Weeks of Atrazine Exposure in R. pipiens. Total weight at 
onset of exposure and at three week intervals to represent rate of gain. 
Repeated measures MANOVA revealed no significantly different rates of weight 
gain among the treatments (P = 0.0675). Mean values are graphed with the 
error bars representing the standard deviations (n = 5 replicate dishes for each 
treatment). 
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Figure 23. Increase in Standard Body Measurements of R. pipiens Exposed to Atrazine. 
Mean change in snout-vent length (SVL) and total (body and tail) length (TL) 
determined from measurements on photographic prints with a metric scale 
included. ANOVA and post hoc tests were performed on the total change in 
lengths over this period, or the entire height of the bar, and found no significant 
differences (a = 0.05). Mean and standard deviations for five replicate dishes for 
each treatment. 
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Figure 24. Snout-Vent Lengths over Three Weeks of Atrazine Exposure in R pipiens. SVL 
at onset of exposure and at three week intervals to represent rate of increase. 
Repeated measures MANOVA revealed no significantly different rates of SVL 
increase among the treatments (P = 0.0629). Mean values are graphed with the 
error bars representing the standard deviations (n = 5 replicate dishes for each 
treatment). 
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Figure 25. Total Body Lengths over Three Weeks of Atrazine Exposure in R. pipiens. 
Combined head-tail at onset of exposure and at three week intervals to 
represent rate of increase. Repeated measures MANOVA revealed no 
significantly different rates of increased TL among the treatments (P = 0.0558). 
Mean values are graphed with the error bars representing the standard 
deviations (n = 5 replicate dishes for each treatment). 
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Figure 26. Days to Metamorphosis for R pipiens Chronically Exposed to Atrazine. Days 
calculated from the presumptive date of egg laying to the day at least one 
forelimb emerged, signaling the onset of metamorphic climax. An ANOVA found 
no significant differences among treatments (a = 0.05). Means and standard 
deviations charted from five replicates each of a solvent control (0 ^ig/L) and 
three exposure levels. 
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Figure 27. Snout-Vent Length of Metamorphic R. pipiens Chronically Exposed to Atrazine 
as Tadpoles. Measurements taken on euthanized froglets positioned with legs 
flexed in a natural position and bodies adpressed to a flat surface. An ANOVA 
found no significant difference among treatments (a = 0.05). Means and 
standard deviations are from 58 measured individuals that were distributed 
among all controls and treatment concentrations. 
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it is not surprising tha ANOVA found no significant differences among the treatments and 
control (a = 0.05) (Figure 23). There was less variation around the means of absolute SVL 
and TL, and all treatments are cleariy less than the 0 jig/L control, but these differences are 
not significant by repeated measures MANOVA (SVL, P = 0.0629; TL, P = 0.0558) (Figures 
24 and 25). 
There was little variability within or among all treatments in days to metamorphic climax 
(Figure 26). In each treatment and control, at least two or three individuals failed to develop 
normally and did not metamorphose (Table 7). These were terminated on day 102 after the 
presumptive date of egg laying. The last larvae to successfully reach the juvenile stage 
entered metamorphosis by day 100. 
Post-metamorphic SVL and wet weight for atrazine exposed R. pipiens were not 
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Figure 28. Fresh Body Weight of Metamorphic R. pipiens Chronically Exposed to Atrazine. 
Fresh weights were taken prior to euthanizing juveniles at completion of 
metamorphosis (Taylor-Kollros Stage XXV) (41). An ANOVA found no 
significant difference among treatments (a = 0.05). Means and standard 
deviations are from 58 measured individuals that were distributed among all 
controls and treatment concentrations. Specimens were fixed for possible 
histological studies and were not available for dry weight detemninations. 
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significantly different from the 0 ng/L acetone control (Rgures 27 and 28). There was less 
variability among the metamorphs in SVL at this stage, compared to the variability in eariy 
growth rate. This may suggest the need to reach a specific body size in order to 
metamorphose successfully. Considerable variability within treatments was noted for wet 
weight of metamorphs, so although all treatment means are lower than the control, the 
differences are not statistically different. R. p/p/ens juveniles were fixed in formalin for 
possible histological studies and were not available for dry weight determinations. The 
generally poor condition of the egg mass obtained and the high mortalities at all stages and 
in all exposure vessels suggest the R. pipiens findings are not acceptable without further 
testing and validation. However, atrazine at the doses tested did not have strong effects in 
spite of the relative poor condition of larvae from this egg mass. 
Atrazine analysis 
Complete results for atrazine analysis are only available for the R. sylvatica study and 
an eariier pilot study with Bufo americanus (Table 8). EIA analysis of the R. sylvatica 
samples were run in May 1996 and again in December 1997 with the samples from the A. 
Table 8. Results of Enzyme-Linked Immunoassay Determinations of Atrazine for Chronic 
Exposure Studies. Samples analyzed in May 1996 and December 1997. 
Parenthetical values assumed to be not valid due to degradation in storage, with 
the degree of effect apparently dependent on storage time. Elevated values for 
R. sylvatica and A. crepitans stored more than one year were about twice the 
values obtained from R. pipiens stored for about six months. 
Target Bufo R. sylvatica A. crepitans R. pipiens 
value americanus 
(n = 12) (n = 8) (n = 4) (n = 4) 
First analysis Second analysis 
30 ^g/L 30.7 ± 3.2 36.7 ± 7.7 (42.7 + 12.7) (28.6 ±4.1) (7.0 ± 2.8) 
300 ^ig/L 336.9 ± 33.7 360.5 ± 52.0 (1215 ± 52) (1241 ± 98) (552 ± 93) 
600 ng/L 710.0 ±48.0 748.5 ± 4.6 (2439 ± 334) (2167 ± 189) (901 ± 175) 
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crepitans and R. pipiens studies. The ability to compare values between the two sets of R. 
sylvatica results indicated that the samples had degraded under the storage conditions 
used. Quality controls for all assays performed were within the requisite limits, with 
coefficients of variation less than 10 percent and the known control sample values within the 
limits specified by the manufacturer (Table 9). While it is not possible to present measured 
values of atrazine for the A. crepitans and R. pipiens studies, it is clear that the three broad 
ranges of concentration were maintained during larval exposure. Based on the original 
values obtained for R. sylvatica samples, it was assumed that exposure levels for both A. 
crepitans and R. pipiens were within 20 percent of the nominal values and were 
representative of the types of environmentally exposure these studies intended to duplicate. 
Table 9. Results of Enzyme-Linked Immunoassay Determinations of Atrazine for Chronic 
Exposure Studies. Quality control information and results of a Bufo pilot study 
demonstrate that the EIA method Is valid, but that stored samples degraded. 
Quality assurance: standards and known sample 
Means and coefficient of variation (% CV) for standards: 
Standard 
values; 
Bufo R. sylvatica Standard 
values; 
Samples from all 
three studies 
0.5 ng/L 0.46 6.2% 0.48 0.8% 0.1 (ig/L 0.09 0.3% 
2.5 fig/L 3.01 2.0% 2.75 3.1% I.O^g/L 1.13 1.3% 
10.0 ^g/L 9.06 8.6% 9.5 5.9% 5.0 ^g/L 4.66 0.6% 
Standard Curve 
Correlation (r) 
0.9944 0.9985 0.9986 
Published 
control value 
Assayed control values Published control 
value 
Assayed 
control values 
5.0 ± 0.5 |ig/L 4.69 ^g/L 5.3 ng/L 3.0 ± 0.6 |ig/L 3.08 ^g/L 
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Summary results 
The significant differences observed were at an atrazine concentration of 300 ^g/L for 
A. crepitans, with a reduction in early growth rate and an increase in days to metamorphosis 
(Figures 4, 6-8). In addition to increased days to metamorphosis, the 600 ng/L treatment of 
atrazine also resulted in significantly reduced fresh and wet weight for A. crepitans, while 
the 300 (ig/L only reached significance In the dry weight analysis (Figure 10 and 11). R 
sylvatica exhibited an increased rate of growth with increasing atrazine concentration, in 
contrast to the pattern observed in A. crepitans, but this effect was not statistically 
significant (Figures 12-16). Increase in SVL and TL was little influenced by atrazine 
exposure in either ranid. Nor was there an effect on time to metamorphic onset, post-
metamorphic SVL or TL. The most suggestive finding of this study is that exposure to 
atrazine appears to produce decreased post-metamorphic body weights, which may be 
expressed in a dose-dependent manner (Figures 10-11, 19-20 and 28). This Is most 
apparent in the dry weights of A. crepitans and R. sylvatica. 
Discussion 
Atrazine, at the concentrations tested, had few significant effects on larval growth rate, 
days to metamorphosis or post-metamorphic size in the three species examined. Only A. 
crepitans showed significant differences in several endpoints between atrazine treatments 
and a 0 jig/L solvent control, the most notable being increased days to metamorphosis and 
decreased post-metamorphic weight at exposure levels of 300 i^ g/L and 600 |ag/L. Atrazine 
concentrations at these levels may occasionally occur in nature when rains closely follow 
herbicide applications, or where field runoff is confined in ponds, ditches and wetlands (17-
19). Vegetation-filled wetlands, such as those near agricultural lands, are the preferred 
breeding habitat for A. crepitans during its late spring and eariy summer breeding season 
(33). Delayed metamorphosis and reduced post-metamorphic body weights may decrease 
the overwintering success of individuals and jeopardize future health (33). 
Response in the two Rana species was variable during eariy growth. Days to 
metamorphosis in these two species and post-metamorphic SVL in all three seemed to be 
little affected by atrazine exposure. There is evidence that a lower limit of body size must be 
reached before metamorphosis is possible, and an upper limit will not be exceeded, in R. 
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sylvatica and R. pipiens (43). This could be related to the effect of starvation on pituitary 
function. Starvation before early stages of limb developnnent retards metamorphosis, while 
after that stage starvation accelerates metamorphosis (43). Unfortunately in this 
experiment, a compromise between having excess food in treatment containers and limiting 
microbial growth may have resulted in less than optimal conditions for growth of larvae. This 
procedure may explain the limited variation among the treatments in post-metamorphic 
length for all species. For R. sylvatica in particular, the similarity in length contrasts with 
variation in both wet and dry weight at the end of metamorphosis. 
The species tested have different sensitivities to the chemicals used in this study. 
Although acetone was present at levels of 0.3 % v/v or less, it produced detectable 
differences from some of the water controls. We anticipated that an increase in growth 
might occur in the presence of acetone because it can serve as an energy source for 
planktonic organisms, which in turn increases food available to filter-feeding larvae (44). 
This was observed in the acetone control for both A. crepitans and R. pipiens. In contrast, 
for R. sylvatica, the water control increased weight and SVL significantly faster than the 
acetone control, as well as metamorphosing significantly sooner. 
Two types of malformations, which were not treatment related, were noted among the 
three species in this study: Kinking of the spinal column in the tail and a bloating observable 
on the lower back of individuals. These malformations often co-occurred, but both where not 
unifomrily present in all affected larvae. One control individual among the A. crepitans, 
several R. sylvatica, and most of the R. pipiens exhibited bloating, which occasionally 
hindered diving and feeding activity. This malformation occurred in all treatment levels and 
controls and affected individuals of all sizes, many of which recovered as they approached 
metamorphosis. Intermittent feedings and warm room temperatures, led to either gulping of 
air by surfacing larvae or possibly to overgrowth of gut microorganisms resulting in gas build 
up in the intestines. Such a situation is not uncommon when feeding conditions are 
suboptimal (45). This bloat contrasts with the edema noted after acute atrazine exposures 
conducted by other investigators {Bufo temporaria (24), R. catesbeiana (26) and R. pipiens 
(27)). From descriptions and pictures, these edemas appear to be expressed differently 
than the condition observed in this study. Atrazine exposure can also induce edema in other 
animals. Tilapia chronically exposed to 1.1 mg/L of atrazine exhibited osmoregulatory 
imbalance and increased hydration compared to controls, possibly due to changes in the 
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permeability of cell membranes (46). The highly F>ermeable skin of amphibians may present 
a similar opportunity for osmoregulatory imbalance. Absence of edema in the study reported 
here may be related to feeding regimen, species differences in susceptibility to this effect, or 
factors related to exposure concentrations. 
Several individuals among all treatments, including controls, of the R. pipiens test 
became extremely deformed, with kinked tails so severe that normal swimming activity was 
not possible. Hazelwood reported spinal malformations from exposure to atrazine, and 
Boschulte noted spinal malformation with both atrazine and treflan (24,26). This deformity 
appears to be a non-specific response to a broad range of chemical and physical 
conditions. A number of physical and chemical stressors can increase the rate of 
malfomnation occurrence, including crowding, thermal shock and pollutants (47). Both acute 
and chronic chemical exposures resulted in spinal malformations in six species of fish. 
Some of these effects resulted from exposure levels well below the LC50s for the chemicals 
tested (48). 
Some stocks of frogs appear to be more prone to malformations than others. Frogs 
with rapid development are less apt to develop malformations than slower growing larvae 
(47). This offers an explanation for the prevalence of malformations among the R. pipiens 
tadpoles in this study. The high percentage of malformations before Stage 25 may suggest 
a source population with a high susceptibility. The concept that some populations of 
anurans have a susceptibility or propensity for malformations makes interpretation of 
toxicological tests more difficult. Spinal deformity or edema, whatever the causative agent, 
can affect feeding and escape behavior of individuals in natural habitats. Amphibian larvae 
are a food resource for many vertebrate and invertebrate predators (13). Compromised 
ability to flee or hide imposes a severe penalty on the unfortunate individual (49). Even in 
the absence of direct effects, an increased rate of predation may put a population at risk as 
a result of exposure to contaminants. 
The present study is the first to define the chronic effect of atrazine exposure on anuran 
larvae. Previous studies have been primarily 96-h acute tests (25-27). The first result of this 
study, from the methodological viewpoint, is an assurance that the system, as used here for 
exposing tadpoles to the effect of agricultural chemicals, is sensitive enough to detect small 
differences in developmental features. Detecting effects of the acetone solvent compared to 
the water control at acetone concentrations considered negligible in previous work 
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demonstrates the sensitivity of the methods used. Finding that atrazine has limited effects 
on the development of larvae suggests that the chemical presents a limited hazard to the 
species examined for the endpoints used in this study. However, there is a need for defining 
additional endpoints that may be more relevant to chemical exposure than the ones 
presented here. 
Additional endpoints for chronic studies could include histological or physiological 
changes measured on metamorphs, juveniles, or even adults well after the exposure period. 
Although organogenesis is completed by about Stage 25, the reproductive organs do not 
develop until after metamorphosis in most species. Early exposure to contaminants may 
affect differentiation at an early stage, but adverse effects are not expressed until later. It 
may also be possible to develop behavioral endpoints for testing in chronic studies. During 
eariy growth measurements, individuals in some treatments appeared more excitable and 
agitated when disturbed than individuals in controls. Other investigators have reported 
lethargy and coma among tadpoles in high, but not lethal, concentrations of atrazine (26). 
Swimming performance has been developed to test the effect of chemical exposures in 
tadpoles (50). Exhaustion rate of metamorphs in some species is important for successfully 
leaving the area of the pond before being preyed upon (51). 
While growth rate is easy to measure, growth is controlled by a number of external and 
intemal factors. Some field studies suggest that food is generally not a limiting factor to 
growth in nature, as it may be in a lab setting (52). In static renewal systems, such as used 
in this study, a balance must be struck between food availability and controlling microbial 
growth and waste accumulation. In addition to increased general health risks, intraspecific 
interactions may be associated with the presence of wastes in growth chambers. 
Considerable evidence suggests that larger tadpoles can inhibit the growth of smaller 
siblings by production of Prototheca algal cells in feces (53). Husbandry methods developed 
for commercial rearing of anuran lan/ae consist of flow-through systems with a low 
replacement rate to avoid injury to tadpoles adapted for standing water (45). This continual 
flushing of wastes is facilitated by screens that separate larvae from the bottom so solid 
wastes are not available to feeding larvae. Perhaps developing flow-through exposure 
systems with low replacement rates would improve the ease of husbandry of anuran larvae, 
while providing better conditions for improved growth. 
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Early growth, days to metamorphosis and size of metamorphs were not significantly 
different among the three treatment levels used for R. sylvatica and R. pipiens. Significant 
differences where observed for the days to metamorphosis and post-metamorphic dry 
weight of A. crepitans exposed to 600 i^g/L atrazine compared to an acetone control. Field 
exposure to atrazine at concentrations of 300 to 600 i^g/L or more are not common, but are 
more apt to occur in aquatic habitats adjacent to crop fields. Because shallow farm ponds, 
small stream margins and potholes are preferred habitats of cricket frogs during the late 
spring and eariy summer breeding season, natural exposure concentrations approaching 
the levels tested here may occur. Eariy emergence from ponds and larger body size have 
been good predictors of juvenile success in other species (43). Similar factors may also be 
ecologically important to the post-metamorphic success of A. crepitans. The typically late 
breeding season and small size of metamorphs may make A. crepitans especially 
vulnerable to the atrazine exposure effects reported here. A repetition of this test under 
conditions optimal for larval growth might better predict the risk of atrazine exposure to A. 
crepitans. 
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CHAPTER THREE 
DETERMINING EFFECTIVE CONCENTRATION FOR TERATA 
OF ATRAZINE AND METOLACHLOR USING FETAX 
Introduction 
In the Midwest, as elsewhere, there is increasing concern over the decline and 
disappearance of amphibians from many of their former sites (1,2). This phenomenon 
appears to be the result of a long term process, which is becoming more apparent with the 
increased attention it is receiving from both the scientific community and the public (2). 
Widely publicized abnormalities among amphibians are generating similar interest. Some 
researchers suggest this is a recent and dramatic increase in a natural phenomenon that 
results from human-induced alterations of the environment (3). Others suggest it arises from 
greater attention focused on animal populations inadequately surveyed in the past (4). 
Contributing to the debate is the lack of adequate information on the underlying causes for 
supernumerary limbs and digits, and missing or misplaced eyes or limbs in a range of 
amphibian species in many regions of the worid (4). There is mounting evidence, at least In 
some instances, that potentially genotoxic and teratogenic effects are linked to agricultural 
chemicals (3). increased incidence of severe malformations among amphibians potentially 
increases the risk of predation or decreases the competitive abilities of individuals (5). This 
may place an additional stress on populations already in decline. 
During a chronic exposure study on three native anurans, considerable numbers of 
malformations were noticed among the species used, especially among Rana pipiens 
Schreber (Chapter Two). Larvae were exposed from the first feeding stage through 
metamorphosis in untreated water, an acetone solvent control, and to three levels of 
atrazine (30, 300 and 600 ^g/L). Spinal malformations were observed in individuals from all 
treatment levels and both controls. Although the malformations ranged from minor to 
severe, they did not prevent many of the affected individuals from successfully 
metamorphosing. Malformations and edema had also been reported from other acute and 
chronic studies of atrazine exposure to anurans (6-8). Cooke (9) had suggested that the 
propensity to fonnn terata among amphibian larvae could be useful as an endpoint in 
predicting the effects of aquatic pollutants at environmental levels. Examination of atrazine 
90 
effects on earlier life stages may provide insights into the validity of using malformations as 
an endpoint in larval studies with atrazine. 
A model system for examining the teratogenicity of compounds on amphibian embryos 
is available and approved by the US Environmental Protection Agency (EPA) for use in 
chemical pre-registration tests. The Standard Guide for Performance of the Frog Embryo 
Teratogenicity Assay-Xenopus (FETAX) is published by the American Society of Testing 
and Materials (E-1439-91) (10). This protocol was initially developed and validated for 
application in mammalian teratogenicity studies (11). The results of a previous FETAX study 
of atrazine reported by Morgan and others was inconclusive (12). There was a discrepancy 
in the estimated median effective concentrations (EC50 96-h, malformation) reported for 
embryos exposed In FETAX buffer (33.0 mg/L) compared to those exposed in water from 
an environmental source (<8.0mg/L) (12). Their estimate for the lowest observed effective 
concentration (LOEC) was given as 11.0 mg/L In FETAX buffer, and 1.08 mg/L in the 
environmental water sample (12). Further investigation of this method to better define the 
EC50 (96-h malformation) and LOEC for atrazine with Xenopus may lead to modification of 
the protocol for use with native anuran species. The eventual application of FETAX 
procedures to North American species may help characterize the potential effects of 
exposures to environmental levels of atrazine. 
In order to examine a 'real worid' situation in the present study, atrazine was evaluated 
alone, and in combination with metolachlor, its most frequently used companion chemical. 
Originally alachlor was the herbicide of choice for this purpose, but groundwater problems of 
Its own led to restrictions on alachlor application. Since 1984, there has been increasing use 
of metolachlor with atrazine. By 1996, about 40 percent of the atrazine applied was 
formulated or mixed with metolachlor (13). Chemical combinations may have synergistic 
(more than additive), additive or antagonistic (less than additive) effects on non-target 
organisms. In an acute study using Gosner Stage 29 and 40 Bufo americanus and R. 
pipiens, Howe et al. found that atrazine and alachlor had more than additive effects (14). 
The question to be answered is whether this Is also true for atrazine and metolachlor. 
Estimates of concentrations that produce chronic effects are often extrapolated from 
acute toxicity tests conducted with different endpoints (15). Acute tests for the median lethal 
concentration (LC50) are carried out at concentrations adequate to produce substantial 
mortalities. The values obtained may then be modified with a conversion factor for an 
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estimated EC50 with no further tests performed (15). Such an interpretation is problematic. 
The concentrations that produce chronic, yet not lethal, effects may be related to lethal 
concentrations in an unknown and unpredictable manner. To avoid such difficulties, the 
FETAX protocol routinely includes two ranges of test concentrations to evaluate both the 
EC50 (malfomriation) and 96-h LC50 (11). Only the teratogenic effects of atrazine and 
metolachlor were examined in the study reported here; levels high enough to produce 
mortalities in any number were not used. In addition, the EC50 from FETAX buffer reported 
by Morgan and others approached the solubility limit of atrazine (33 mg/L), suggesting that 
lethal concentrations would be unlikely to occur in environmental exposures. 
The specific objectives of this study were to estimate an EC50 (96-h malformation) for 
atrazine and metolachlor, individually and in combination, and to determine if the combined 
effect could be classified as more than additive, additive or less than additive. 
Materials and methods 
The Frog Embryo Teratogenesis Assay-Xenopus is a 96-h static renewal acute toxicity 
test which can estimate the LC50, EC50 (malformation), no observed adverse effect 
concentration (NOAEC) and minimum concentration to inhibit growth (MCIG) for chemicals. 
Early life stages of the South African clawed frog {Xenopus laevis) are exposed to one or 
more ranges of test solution concentrations. Complete performance of FETAX includes a 
range-finding test covering five or more concentrations of the test material over a broad 
range of values. Results of this test are used to focus the concentrations tested in three 
replicate FETAX tests around the values likely to produce the anticipated endpoint in about 
half of the test subjects when estimating LC50, or EC50. The slope of the concentration 
response curve is used to estimate the NOAEC, while the MCIG is detenmined from the 
relative lengths of embryos in test solutions compared to a control at completion of 
exposure. 
Test organisms 
Xenopus laevis, the South African clawed frog, is the test organism in FETAX because 
a large body of information exists on its biology and physiology (16). This fully aquatic 
species is much easier to maintain in captive breeding programs than North American 
species, which are terrestrial as adults, in addition, healthy mated pairs can be induced to 
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reliably produce large clutches of eggs at any time of the year (17). The mated pairs that 
served as embryo sources in this work are maintained by the Xenopus Facility at Iowa State 
University, which has successfully bred this species for over 15 years. 
Egg masses were harvested from matings induced by the rearing facility staff. Fertility 
and number of available embryos were evaluated to determine the suitability of each clutch. 
Test runs were initiated on the following dates with egg masses from the following pairs and 
with the indicated clutch fertility rates: 24 June 1997, Pair 11, 75 % fertility; 15 July 1997, 
Pair 28, 60 % fertility: 21 July 1997, Pair 30, 95 % fertility; 28 July 1997, Pair 34, 98 % 
fertility. 
The gelatin layer surrounding each embryo was removed with 2 % w/v cysteine (Sigma-
Aldrich, St. Louis, MO, USA) according to the FETAX protocol. Sorting and staging of eggs 
was accomplished within four hours of harvest and all procedures began with embryos in 
Nieuwkoop-Faber Stages 8 to 10.5 (17,18). 
Test solutions 
A stock supply of double distilled water was drawn in sufficient quantity to provide the 
total volume needed to perform a range finding and three replicate tests. Water quality 
parameters were determined on the day the water was obtained. A Radiometer/ 
Copenhagen meter was used to determine the pH (7.25), and Permachem Reagent kits 
(Hach Company) were used for the remainder of the tests: alkalinity 29 mg/L as CaCOa; 
hardness 4 mg/L as CaCOa; nitrate 0.5 mg/L, nitrite 0.002 mg/L, chlorine 0.02 mg/L, and 
ammonia 0.0 mg/L. Four liters of FETAX solution were prepared from the stock water 
supply the day before exposures began for each test procedure (10). 
Test chemicals 
Technical grade atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) (99 
percent purity) and metolachlor (2-chloro-N-(2-ethyl-8-methylphenyl)-N-(2-methoxy-1-
methylethyl) acetamide) (98 percent purity) were obtained from Chem Service (West 
Chester, PA, USA). Analytical grade acetone (Sigma Chemical, St. Louis, MO, USA) was 
used as a diluent for the first dilution step in preparing the atrazine treatment solutions in 
order to dissolve the water-insoluble atrazine sufficiently to achieve the desired 
concentrations. 
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An appropriate amount of atrazine was weighed on a Mettler 3000 analytical balance to 
the nearest 0.0001 g before dilution in 2 ml of acetone. When the white crystals of atrazine 
were no longer visible, this stock was used for preparing 100 ml of solution for each test 
concentration. Aliquots of acetone were added to each prepared solution to assure that all 
embryos would be exposed to acetone at a 0.5 % v/v level. The necessary amount of 
metolachlor was similarly weighed and diluted in acetone before making the test solutions. 
The acetone would not be required since metolachlor Is a soluble liquid at room 
temperature, but it was included at the same concentration to compare responses between 
the two chemicals appropriately. This procedure also made it possible to use a solvent 
control with 0.5 % v/v acetone in FETAX as the baseline when calculating results. 
Inclusion of an acetone solvent Is permissible in performing FETAX, with concentrations 
of 1.0% v/v or less considered negligible and without adverse effects (10). Acetone as a 
diluent for atrazine had been used by the author in previous chronic studies at 0.02 to 0.03 
% v/v levels (Chapter Two). Even at these low concentrations, acetone had a significant 
effect on the growth rate in two of the three species studied compared to an untreated water 
control. Because this effect had been observed, it was desirable to minimize the amount of 
acetone used in preparation of the FETAX treatment solutions. The 2 ml of acetone was the 
smallest volume conveniently used for preparing the stock solution of atrazine for the 100-
ml treatment solutions prepared from this stock. Acetone dilutions of 1.0 % v/v were 
included in the performance of the range finding and all definitive tests to provide more 
information about the response of Xenopus embryos to acetone exposure. 
Equivalent concentrations, as mg/Lof active ingredient (a.i.), of atrazine and 
metolachlor were added to the treatments for the combined effects. That is: the chemicals 
were present In a 1:1 ratio by mass, with each contributing to the solution at the nominal 
concentration level. This method permits the calculation of an additive Index interpreting 
interactions that may occur between the chemicals (19). 
Samples for later analysis were taken from all test solutions when they were freshly 
prepared. A second sample of each test solution was taken from an exposure dish at the 
conclusion of the test to determine if a significant loss of active ingredient (a.i.) occurred 
over the duration of the test. All samples were frozen until assayed. The concentration of 
a.i. in each sample was detemnined by analysis with enzyme-linked immunoassay test kits 
obtained from Strategic Diagnostics (Newtown, PA, USA). This method has been widely 
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validated to be comparable to atrazine and metolachlor determinations made with GC and 
GC/MS (20-22). Test solution concentrations at the mg/L level required several hundred­
fold dilution prior to performing the assay. Such dilution was necessary to achieve 
absorbance readings within the range obtained with the assay standards, thereby placing 
sample results in the most reliable portion of the standard curve. 
Test performance 
Prior to the FETAX procedure, a non-toxicant test was first performed to assure that 
environmental controls, water source, dish handling procedures and handling of embryos 
were sufficient for meeting the requirements of the FETAX procedure. A complete 96-h 
exposure of embryos to FETAX solution, which included all petri dishes to be used in 
subsequent tests, was carried out. Performance of this test produced mortality and 
malformations levels of 1.4 % and 2.8%, respectively, sufficiently below the 10 % mortality 
and 7 % malformation limit of acceptability for controls in FETAX procedures (10). This 
control analysis assured that handling of materials, embryos and dish-washing techniques 
did not unduly contribute to mortality or malformation of test subjects. 
All subsequent procedures were earned out in accordance with the guidelines as set 
forth in E-1439-91 with few exceptions (10). A positive control was included with each test 
run performed. Concentrations of 6-aminonicotinamide (CAS # 329-89-5, molecular wt. 
137.14) of 5.5 mg/L and 2500 mg/L should produce between 40 and 60 percent 
malformations or mortalities, respectively (10). Each test included four dishes containing 
FET/^ solution, four dishes with the appropriate solvent control, and two dishes for each 
concentration of the positive control (10). The number of test vessels available set an upper 
limit on the number of concentrations used during each test performance. Because our 
primary goal in conducting these tests was to determine the 96-h EC50s for malformation, 
chemical concentrations high enough to estimate LC50s were not included. 
The concentrations selected for the range finding test were based on the previous 
FETAX result reported by Morgan and others, which used an emulsifiable liquid commercial 
formulation of atrazine (4L, 40.8 percent a.i.) (12). Nominal concentrations were reported, 
along with a disclaimer that actual levels were probably lower. Chemical analysis was not 
conducted to determine actual values nor to determine the presence of interfering 
compounds in the environmental water source used as a diluent in comparison to FETAX 
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buffer (12). In considering this information, the five range finding concentrations selected for 
this study were 0.25, 2.5, 5.0, 10.0 and 20.0 mg/L The intent of these choices was to 
bracket the lowest effective concentration of 11 mg/L as reported by Morgan (12). 
Observed terata in the range finding test did not reach 100 percent in the 8 mg/L 
concentrations for either chemical alone or in combination. Based on calculations from the 
range finding results, concentrations of 8, 12, 16 and 20 mg/L for atrazine or metolachlor 
alone, and 4, 8, 12, 16 and 20 mg/L for the combined exposures were estimated to provide 
the desired range of responses for determining EC50s for malformation. 
Tests were performed at 24°C. Air temperatures were recorded daily during the 
performance of the test runs on a minimum-maximum thermometer. Minimum temperatures 
averaged 22.8"'C ± O-y^C, with a range of 21.5 to 24"C. Maximum temperatures were 
24.3°C ± O.S'C with a range of 23.5 to 24.5°C. Test dishes were arrayed on counters in a 
randomized complete block design. Photoperiod control is not required to perform FET/\X, 
but lights were controlled manually for a photoperiod of 12:12 L;D. The pH for performance 
of FETAX should be within the range of pH 6.5 to 9.0, although the optimum is pH 7.7 (10). 
The pH of controls and the highest treatment dish were recorded at the beginning and end 
of each 24 hours (17). Recorded values were never lower than pH 6.9 nor greater than 7.9 
throughout the perfonnance of all FETAX runs. The pH values for the FETAX solution 
averaged 7.77 ± 0.04 units over the range-finding and three definitive assays. Mean pH 
values for the highest concentration of test solutions ranged from 7.33 ± 0.07 for the 
combination to 7.74 ± 0.07 for atrazine alone. 
Data collected 
Test vessels were examined for mortalities at 24, 48 and 72 hours, prior to changing 
test solutions. All deaths were recorded on standardized data sheets and dead embryos 
removed (10). (Appendix D has sample data forms and data). Exposure dishes were 
carefully emptied with a disposable transfer pipette with minimal disturbance to embryos, 
then quickly refilled with 10 ml of the appropriate solution. At 96 hours, tests were 
terminated and surviving embryos fixed in 3 percent formalin (10). Growth was detemiined 
by measuring the combined head-tail length of all individuals. This procedure was facilitated 
by placing preserved specimens in a petri dish placed on the platfomn of an overhead 
projector and projecting the outlines of specimens onto a screen at a standardized 
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magnification. Measurements were made on the projected image with a Mitutoyo digital 
micrometer. Calculations of growth inhibition, as ratios of test dish mean lengths compared 
to control dish mean length, were performed on the measurements obtained from the 
magnified images. Terata were scored by observation under a dissecting microscope and 
reference to the Atlas of Abnormalities (17). Terata were recorded and summarized on 
standard log sheets prepared for FETAX (Appendix D) (17). 
Statistical analyses 
The statistical software package ToxStat, Version 3.5 (West, Inc. Cheyenne, WY, USA) 
was used for analyzing the results. The distribution of the data did not uniformly permit the 
calculation of EC50 estimates with the trimmed Spearman-Karber method; proportions 
frequently did not bracket the 50 percent response level. By using the inhibition 
concentration model, it was possible to estimate EC50s and confidence intervals. This non-
parametric approach estimates the specified proportion of response. Continuous data are 
interpolated lineariy and bootstrapped estimates of variances are generated (23). This 
approach allowed comparison among the chemicals tested, assuming the estimated EC50 
values generated in this manner were equally biased. 
Dunnett's test, also available on the ToxStat software, was used to detemnine the 
minimum significant difference in order to identify the MCIG and terata. Microsoft Excel 
Version 5.0c (Microsoft Corporation) was used for making ancillary calculations and other 
comparisons, such as ANOVA and t-test for means. 
Marking and Dawson set out methods and terminology for describing the additive 
toxicity of chemicals in water. They assigned significance to the additive toxicity index for 
comparing the use of chemicals alone in the test solutions, and in a fixed ratio combination 
(19). They defined toxicities as LC50s or EC50s and their 95 % confidence limits. The sum 
A  B  
of the biological activity (S) for each chemical is first determined as; = S  where A  
and B  are chemicals, / and m  are the LC50s of the individual chemicals and the mixtures, 
respectively. If the sum of toxicity of the chemicals is simply additive, 5=1. When 5 < 1, the 
chemicals have greater-than-additive toxicity and when S> less-than-additive toxicity 
(19). Values greater than 1 are not linear with values less than one. Such a distribution of 
values is difficult to interpret and not intuitive. Transformation of values to the additive 
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toxicity index pennits setting the simple additive toxicity = 0. The fonnula used for 
converting S to the additiive index depends on the value of S: 
when 5< l.O Additive index = — - I.O 
5 
when 5 > 1.0 Additive index = S'C-l) + 1.0 
Through this simple conversion, less than additive effects attain negative values, and 
greater than additive effects have positive values. Such a distribution of values is easier to 
interpret than values of 5 (19). This method was used to compute the additive toxicity index 
from EC50s. 
The interpretation of the additive toxicity index is evaluated by computing the 95 
percent confidence interval range. If this overiaps zero, the effects are determined to just be 
additive. If the range from CIs does not overlap zero, then the effects may be synergistic or 
antagonistic. Marking and Dawson indicate that the additive toxicity index obtained may 
differ depending on test species, relative concentrations of chemicals and test conditions. 
The number of test concentrations will also affect the CIs obtained, and therefore influence 
the ability to interpret the additive toxicity index (19). 
Results 
Test solutions 
The dilution methods for both atrazine and metolachlor led to difficulty in achieving the 
nominal concentrations (Table 10). This was due, in the case of atrazine, to its insolubility in 
water and limited solubility in acetone. When initially diluting the measured quantity of 
atrazine in acetone, it was mixed until particles were no longer visible. However, 
microscopic particles probably persisted for several minutes longer, resulting in a stock 
dilution which was not a uniform concentration when subsampled to prepare the test 
solutions. A similar situation occun^ed with metolachlor in diluting the small amount of 
viscous material required to prepare the limited quantities of test solutions. As a result the 
final concentrations for the test solutions were skewed from the anticipated nominal levels. 
In some cases, the progression of concentrations from lower to higher values was 
transposed between nominal and measured values; in other cases, there was little 
difference between adjacent measured concentrations. 
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Table 10. Comparisons of Nominal and Measured Chemical Concentration in Range 
Finding and Definitive FETAX Tests with Atrazine and Metolachlor. Single 
samples from test dishes at end of 96-h exposure period. Metolachlor samples 
not collected for FETAX Test 1. 
Target Atrazine Combined Exposure Metolachlor 
Test alone Atrazine Metolachlor alone 
0.25 mg/L RF 0.76 0.39 0.14 0.05 
2.5 mg/L 1.62 0.79 1.29 2.33 
5.0 mg/L 7.95 5.57 3.67 4.76 
10.0 mg/L 10.00 12.50 NS' 9.62 
20.0 mg/L 25.00 31.10 NS 19.7 
4 mg/L 1 NA" 3.50 4.08 — 
8 mg/L 5.20 7.90 6.33 — 
12 mg/L 9.15 11.60 7.98 — 
16 mg/L 18.00 12.40 11.86 — 
20 mg/L 16.00 12.50 11.31 — 
4 mg/L 2 NA 5.50 3.43 NA 
8 mg/L 6.60 8.20 5.70 6.32 
12 mg/L 11.20 12.40 7.50 9.70 
16 mg/L 11.80 13.80 14.98 18.30 
20 mg/L 22.00 21.30 NS 17.70 
4 mg/L 3 NA 5.00 4.87 NA 
8 mg/L 9.00 9.50 7.42 6.40 
12 mg/L 12.20 14.60 14.3 9.07 
16 mg/L 19.90 19.10 11.49 11.10 
20 mg/L 33.50 22.10 17.92 16.90 
' NS, sample container damaged in storage before metolachlor assay completed. 
" NA. not applicable, no treatment for the chemical at that concentration. 
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These discrepancies between nominal and measured values for atrazine and 
metolachlor present at least two problems for interpretation of the results in these tests. The 
first, is determining the concentrations to which embryos were actually exposed. Test 
solutions were prepared as 100-ml volumes in glass-stoppered bottles the day prior to test 
initiation- The initial 3-ml samples for atrazine analysis were taken when test solutions were 
prepared, at which time the atrazine and metolachlor were probably not unifomily dissolved 
in the solutions. By the time the tests were initiated the following day, it is assumed the 
chemicals were fully dissolved, so the concentrations to which the embryos were exposed 
remained uniform during the 96-h exposure period. Final samples for atrazine and 
metolachlor analysis were taken from exposure vessels at temiination of the test. Because 
atrazine is stable in glass containers for more than a week, it is assumed that the samples 
from the exposure vessels better reflect the exposure concentrations than the samples 
taken immediately after diluting the chemicals (24). 
The second difficulty regarding the discrepancy between nominal and measured 
concentration levels is choosing the most appropriate set for calculation of estimated 
ECSOs. Although some measured values lack clear separation of concentrations between 
the intended serial dilutions, each test range had an adequate number of concentrations to 
develop a dose-response curve. In addition, the EIA method used for determining the 
atrazine and metolachlor concentrations has been validated by comparing the results 
obtained to more traditional chemical detection methods (20-22). The results of the quality 
controls for the ElAs performed support the opinion of the author that the measured 
concentrations more accurately reflect the exposure concentrations than the nominal values 
(Table 11). The coefficients of variation for the paired standard samples were below the 10 
% CV limit required for performance of a valid assay. With a three point standard curve 
generated from those standard values, the control sample included with each assay was 
within the range specified by the manufacturer. It was determined to use the measured 
values of atrazine and metolachlor, rather than nominal values, in the final calculations of 
ECSOs. 
The estimated 96-h ECSOs and 9S percent confidence intervals from the range finding 
and three replicate FETAX tests are presented in Table 12. The ECSOs for atrazine had a 
mean value of 13.4 ± S.2 mg/L when occurring alone in the test solutions, and 14.3 ± 2.S 
mg/L when in the presence of metolachlor. For metolachlor, the ECSOs were 1S.2 ±3.1 
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Table 11. Quality Assurance for El A Determination of Atrazine and Metolachior 
Concentrations used in Range Finding and Definitive FETAX Tests. Values for 
most atrazine concentrations (first assay column) were obtained by a hand fit 
standard curve due to the omission of a standard sample which prevented curve 
fitting on the programmable spectrophotometer. All others calculated from three 
point curves generated by the RPA RaPID Analyzer (OhMicron Corporation). 
Atrazine Atrazine Metolachior 
(all except range- (range-finding (all samples) 
finding atrazine alone) atrazine alone) 
Standard values; 
0.1 ^g/L 
1.0 ^g/L 
5.0 i^g/L 
Means and coefficient of variation (CV %) for standards; 
0.1 3.9% 0.09 4.8% 0.09 2.5% 
1.13 — 1.16 2.5% 1.22 2.3% 
4.66 9.5 % 4.59 0.9 % 4.44 0.6 % 
Published 
control value 
3.0 ± 0.60 jig/L 
Assayed control values 
3.51 2.88 3.39 
Table 12. Estimated 96-h EC50s (malformation) for Definitive FETAX Tests with Atrazine 
and Metolachior. Estimates from inhibition concentration calculations with 
ToxStat software, a non-parametric method that provides 95% confidence 
intervals. Average EC50s and standard deviations based in the estimates from 
range finding and three definitive FETAX tests. A t-test was used to inspect for 
differences in a chemical's performance alone and in combination with the 
alternate chemical (a= 0.05). 
Atrazine Combined exposure Metolachior 
alone mg/L Atrazine Metolachior alone mg/L 
EC50 C.I. EC50 C.I. EC50 C.I. EC50 C.I. 
RF 16.54 16.26-16.8 17.53 16.01-18.42 14.65 14.09-15.00 12.43 11.84-13.14 
1 5.99 5.25-9.50 11.75 7.32-11.95 8.72 6.03-9.66 19.66 17.85-19.9 
2 13.9 12.5-17.6 13.19 10.45-14.6 8.82 6.69-9.96 13.83 13.08-14.59 
3 17.3 14.41-20.9 14.87 14.7-15.03 9.81 9.3-10.18 14.75 13.42-16.29 
Ave. 13.43 ±5.17 14.33 ± 2.48 10.5 ±2.81 15.16 ±3.14 
t-test P= 0.768 p=0.069 
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mg/L in the single chemical tests, and 10.5 ± 2.8 mg/L in combination with atrazine. P-
values are provided for t-tests comparing the average EC50 for atrazine as a single 
exposure to the value from the combined treatments. Similar information is provided for 
metolachlor. In neither case is the difference between the two EC50 estimates statistically 
significant (a=0.05). There is considerable variability in the estimated ECSOs between runs, 
but in many cases the ECSOs or the confidence intervals overiap, or approach each other. 
Variability in response between egg clutches is to be expected. Further, because all 
test organisms for each test mn result from the same mating, the sample size for statistical 
purposes is the clutch, not the individual. A complete test of three runs is used to provide a 
sample size of three. 
Using the formulae of Marking and Dawson, an additive toxicity index of -0.823 is 
obtained with 95 percent confidence intervals of-1.32 to -0.322 (19). Since this value is less 
than zero, and the confidence intervals do not overlap zero, the chemicals are not additive 
in their effects. This result does not necessarily imply that they are antagonistic: however, 
the decrease in estimated EC50 for metolachlor in combination with atrazine would suggest 
that synergy increases its potency. This interpretation is not supported by the additive 
toxicity index which implies that the effect is less than additive. 
The positive control samples demonstrated mixed results. Complete mortality in the 
2500 mg/L occunred in the range-finding study, but inexperience may have led to leaving too 
many dead embryos in the dish on which microorganisms were able to grow. The 5.5 mg/L 
control also had 78 % terata in the range-finding test. For the three definitive tests, the high 
positive control had mortalities of 64, 62 and 58 %, and the low positive control had 
malformation rates of 78, 55.5 and 52.6 %. Results from control solutions improved with 
increasing experience with the test procedure and specimen handling. 
The range of exposure concentrations did not permit an estimate of an MCIG in most 
runs (Table 13). Two of the three test groups exhibited growth inhibition to atrazine and the 
combined chemicals at all concentrations tested. The third group was less sensitive to 
growth inhibition, but more sensitive to terata formation. The LOEC for terata was identified 
for each of the test runs, but there was no discernible pattem in the responses. An average 
LOEC (malformation) for atrazine, when occumng alone in a solution, was 11.1 mg/L. The 
test organisms were slightly more tolerant of metolachlor, with an average LOEC of 
15.5mg/L. 
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Table 13. MCIG and LOEC (malformation) from FETAX Tests of Technical Grade Atrazine 
and Metolachior, Alone and in Combination. Least significant difference 
determined by Dunnett's test. Values are lowest concentrations demonstrating a 
significant difference from the control. Inhibition of growth is determined from 
mean head-tail length of treatments compared to control length. An ND signifies 
that range for the MCIG is lower than the range tested. Values in parentheses 
are the lowest included in the test. An * In the acetone column indicates a 
significant difference between the solvent control at that concentration and the 
FETAX control. 
Atrazine 
alone 
Combined exposure 
Atrazine Metolachior 
Metolachior 
alone 
Acetone 
0.5% 1.0% 
Minimum concentration to inhibit growth (MCIG) 
Test 1 ND (5.2) ND (3.5) ND (4.1) 20.0 mg/L * 
Test 2 ND (6.6) ND (5.5) ND (3.4) ND (6.3) • 
Test 3 ND (9.0) 9.5 mg/L 7.42 mg/L 16.9 mg/L * 
Lowest observed effective concentration (LOEC) for terata 
Test 1 9.2 mg/L 12.4 mg/L 11.8 mg/L 20.0 mg/L * * 
Test 2 11.8 mg/L 8.2 mg/L 5.7 mg/L 9.7 mg/L * 
Test 3 12.2 mg/L < (5.0) < (4.87) 16.9 mg/L 
Two concentrations of acetone were included with the range finding and three replicate 
tests to determine if a 1 % v/v level had negligible effects, as the FETAX protocol states 
(Table 13) (10). In the range-finding test, the 1 % acetone was significantly different from 
the FETAX response for mortality and terata; growth inhibition is not determined during the 
range finding stage. For all three of the definitive tests, 1 % acetone was significantly 
different from the FETAX solution response in regard to growth inhibition, but only two of the 
three resulted in increased terata as determined with the Bonferroni comparison (23). In one 
of the tests, the 0.5 % acetone was also significantly different than FETAX solution in the 
formation of terata. The published FETAX results for acetone are 96-h LC50 2.19 % v/v, 96-
h EC50 (malformation) 1.28 % v/v, and MCIG 1.43 % v/v (11). These results reiterate the 
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need for several test runs before making determinations on the toxicity of materials. They 
also demonstrate the variability in response obsen/ed among different clutches of Xenopus 
embryos. 
Edema was the most common malformation found In this study, followed closely by 
failure of the gut to coil, then cardiac and head malformations (17). Figure 29 demonstrates 
the types of terata produced by exposure to acetone compared to the FETAX buffer. 
Abdominal and cardiac edema were the most common terata in acetone controls. The 
specimens illustrated are not necessarily the worst case examples; the subjects for 
photographs were selected at random from the preserved specimens. 
In Figure 30, increasing severity of terata with increasing concentration of atrazine can 
be seen by comparing the embryo exposed to the lowest and highest concentrations for 
atrazine to a normal embryo at the top of the figure. Fewer embryos were affected by 
exposure to metolachlor alone, as compared to atrazine, but they were generally more 
severely affected (Figure 31). The spinal curvature seen in metolachlor is not as marked as 
observed with atrazine exposure, but the edema and lack of gut coiling is prominent in most 
of the embryos affected by metolachlor. The combined effect of atrazine and metolachlor 
resulted in malformed embryos that had a distinctive appearance that was somewhat 
intermediate to affected embryos exposed in either chemical alone (Figure 32). This last 
figure illustrates the different degree of response between atrazine, combined chemicals 
and metolachlor from the same concentration level (Figure 33). 
Discussion 
The estimated 96-h EC50s (malformation) for atrazine and metolachlor based on the 
results of this study are 13.4 mg/L and 15.2 mg/L, respectively. Reported 96-h EC50s 
(malformation) values for atrazine from a previous FETAX study are 33.0 mg/L for the 
standard test solution and < 8.0 mg/L for atrazine in an environmental water solution (12). 
The water from which the last value was derived came from a stream carrying golf course 
mnoff. For that reason, Morgan and others suggested that it may have had a chemical of 
undetermined nature that contributed to this result (12). The EC50 value reported here for 
atrazine in FETAX buffer is about half of the value reported by Morgan et al. (12). The 
variability among the separate runs in this study suggests the discrepancy between their 
report and ours may be due to differences in susceptibility among clutches of embryos. 
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Figure 29. FETAX Control Embryos. Representative embryos exposed for 96 hours to 
standard FETAX solution (top), solvent control containing 0.5% v/v acetone (2"" 
and 3"*), and 1.0 % v/v acetone (two at bottom). Bottom most individual has 
moderate gut and cardiac edema, and a poorly coiled gut. 
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Figure 30. Range of Malfomiation Produced by Exposure to Atrazine. Top individual is 
fronn a control for comparison. Next two were exposed to 8 mg/L atrazine for 96 
hours. Bottom two were in 20 mg/L atrazine for 96 hours. Note increasing 
severity of spinal malformation. Both concentrations demonstrated moderate to 
severe edema and pooriy coiled guts. 
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% 
Figure 31. Range of Malformation Produced by Exposure to Metolachlor Alone. Top 
individual is firom a control for comparison. Next two were exposed to 8 mg/L 
metolachlor for 96 hours. Bottom two were in 20 mg/L metolachlor for 96 hours. 
Note reduced spinal development in highest concentration. There is moderate 
edema, reduced craniofacial development and eye malformations in both 
treatment concentrations. 
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Figure 32. Range of Malfonnation Produced by Exposure to Atrazine and Metolachlor 
Combined. Top Individual is from a control for comparison. Next two were 
exposed to 8 mg/L atrazine and metolachlor for 96 hours. Bottom two were in 
16 mg/L atrazine and metolachlor for 96 hours. Note increased severity of spinal 
malformation and craniofacial deformity in highest concentration. There is more 
severe stunting of growth in this treatment and less edema than in either 
chemical alone. 
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Figure 33. Comparative Effects of 96-h Exposure to 8 mg/L Atrazine, 8 mg/L Atrazine and 
8 mg/L Metolachior, or 8 mg/L Metoiachlor. Atrazine exposed individual exhibits 
some edema and improperly coiled gut. The metoiachlor exposed individual has 
multiple malformations. The embryo exposed to the combination of the two has 
malformations intermediate between the other two. These were drawn at 
random from the embryos available and not selectively chosen for this 
comparison. 
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Reported data within other studies also show considerable between clutch or cohort 
variabilities in response, often resulting in a five-fold difference between values obtained 
(14). 
Another possible factor for this discrepancy between Morgan and others results and 
those reported here may be due to the chemicals used. In our studies, technical grade (99 
percent purity) atrazine and metolachlor were used, while they employed a commercial 
atrazine formulation (12). Solvents and other inert ingredients in the formulated product may 
have interacted with atrazine to enhance the effects observed. The atrazine solutions tested 
here had an additional acetone component, but at a concentration that was considered 
insignificant by the standard guide for performing FETAX (10). Validation studies for the 
FETAX protocol produced an EC50 (malformation) for acetone of 1.28 % v/v (10,11). The 
0.5 % v/v concentration used here had a significant effect in only one of four tests. 
The LOEC for terata from atrazine exposure averaged 11.5 mg/L for the tests 
completed in this study. This compares well with the LOEC of 11.0 mg/L for atrazine 
reported by Morgan and others (12). The LOEC for metolachlor is 15.5 mg/L, based on the 
results of three tests in this study. Additional information Is absent from the literature for 
metolachlor on which to base a comparison. 
In applying the concepts of Marking and Dawson to atrazine and metolachlor, alone 
and in combination, there is no suggestion of synergy or antagonism in the chemicals' ability 
to promote terata. The additive toxicity index of -0.823 indicates the effects are not additive. 
In addition, the values for the 96-h EC50s for atrazine and/or metolachlor were not 
significantly different whether used in exposures alone or in combination. Howe and others 
reported on the combined effects of atrazine and alachlor on later stage tadpoles of R. 
pipiens and Bufo americanus because of the widespread prevalence of both species and 
both chemicals in the environment (14). Using LCSOs and the additive toxicity index, they 
suggested the commercial formulations of atrazine and alachlor used in their study were 
additive or synergistic in producing effects (14). Because of differences in modes of action 
for the chemicals studied, interspecific differences in susceptibility, and their use of a 
mortality endpoint, there is no reason to suggest that synergy should have been found in 
the current study with atrazine and metolachlor. 
The most widespread expression of malformation in this study was edema of 
abdominal, followed by cardiac, areas. In more severely affected individuals, the gut failed 
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to coil normally and craniofacial abnormalities occurred. Spinal deformities range from 
simple curvatures, usually upward with an occasional one downward, to grossly curled and 
stunted individuals. The curvature was moderately prevalent among all embryos displaying 
terata, whereas the last case was uncommon. There is little way of knowing whether the 
malformed embryos observed in the FETAX tests would have overcome these deformities 
and developed normally without retaining them until metamorphosis. Two sources suggest 
that many of the milder forms of terata are transient (9,11). Embryos that develop edema 
during FETAX procedures have spontaneously recovered from the condition (11). 
Cooke explored the occurrence of malformations and deformities among anuran larvae 
(9). There are two periods when malformations are commonly produced. Between hatch 
and Gosner Stage 26 (hind limb paddles present), the most common deformity is simple 
curvature in the horizontal or vertical plane. Air bubbles may occur in the gill chamber at this 
time. Such deformities are rare after Stage 26, and affected tadpoles either recover or die 
from the defect (9). By the time large limb paddles are present (Stage 27), a lateral kink is 
the most common malformation, from which there is frequent recovery before Stage 30 at 
onset of metamorphosis (9). The ecological significance of the two forms is similar. Larvae 
with Impaired mobility are less able to feed and more vulnerable to predation (5). 
An important aspect of the report by Howe and others is the difference between R. 
pipiens and B. americanus in sensitivity to atrazine (14). Gosner Stage 29 tadpoles had 96-
h LC50S of 47.6 mg/L for R. pipiens and 26.5 mg/L for B. americanus, while larvae 
approaching metamorphosis at Stage 40 were found to have LC50s of 14.5 mg/L and 10.7 
mg/L for the two species respectively (14). This stage-dependent sensitivity may have a 
greater ecological effect than any other aspect of an amphibian's exposure to chemicals. A 
greater sensitivity as larvae enter metamorphic climax is counter-intuitive, since it is often 
believed that younger organisms are more sensitive than older ones to the effects of toxic 
chemicals (25). However, the unique physiological changes that amphibians, especially 
anurans, undergo during metamorphosis may make them susceptible to chemical disruption 
at this time. The other important biological factor is that metamorphosing individuals are the 
ones who have survived all the eariier hazards of larval life. If chemical exposure removes 
these individuals, will there be others left to continue the population? 
The concentrations used here to examine teratogenic effects (mg/L) are still well above 
the concentrations likely to occur in the environment (|ig/L), except for unusual 
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circumstances near agricultural fields (26). It has been suggested that the best way to 
evaluate the complex mixture of chemicals in the environment is to place caged amphibian 
larvae directly in surface waters (9). Specifically, the incidence of embryos and larvae 
developing malformations could be used, since direct lethality is not apt to occur. It has 
been proposed that Xenopus could be used for such studies, since methods for culturing 
and inducing egg production permit a measure of standardization. The use of Xenopus for 
in situ tests present an environmental risk should individuals escape in areas with warm 
climates. Because of their voracious feeding habits as juveniles and adults, Xenopus can 
have a detrimental impact on native populations in aquatic habitats (16). There is the added 
uncertainty of using a species not native to North America to estimate the response of 
native species. 
Improved estimates of the toxicity of chemicals to native amphibians may be derived in 
the future by using locally available species as test subjects in the FETAX procedure. The 
problem of rearing and breeding North American species has been partially overcome, 
making them more amenable for such applications (27). In addition to developing this 
possibility, better description of observed malformations should be made, with an effort to 
standardize the descriptive terms (anomalies, terata) and degree of severity. This procedure 
may help in determining which deformities would be the most informative, and which may 
be transient. 
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CHAPTER FOUR 
INFLUENCE OF PRODUCT FORMULATION IN DETERMINING 
EFFECTIVE CONCENTRATIONS OF ATRAZINE USING FETAX 
Introduction 
Discovery of malformed frogs in numerous sites across the Upper Midwest has 
captured the attention of both the scientific community and the general public (1). Studies to 
uncover the causes for multiple or missing limbs and missing or misplaced eyes observed in 
some populations have generated as many questions as answers, as well as stinred debate 
among herpetologists and toxicologists (2,3). Some scientists even suggest that 
abnormalities occum'ng among amphibians should be considered an early warning of 
impending environmental collapse. Others claim the apparent increase in malformations 
results from better reporting of natural phenomena known for more than two centuries (4). 
At the least, the widespread attention to this issue has increased interest in examining how 
environmental contamination may contribute to amphibian malformations. As a result, 
toxicological effects in amphibians from anthropogenic contaminants are coming under 
greater scrutiny (4). 
Cooke explored the occurrence of malformations and deformities among anuran larvae 
placed in cages in contaminated habitats (5). There are two periods when malformations 
are produced. Between hatch and Gosner Stage 26, the most common deformity is simple 
curvature in the horizontal or vertical plane (5). Such deformities are rare after Stage 26, 
and affected tadpoles may either recover or die from the effect (5). By Stage 27. a lateral 
kink is the most common malformation, from which there is frequent recovery before Stage 
30 at onset of metamorphosis. Some populations of frogs appear to be more prone to 
malformations than others. In addition, frog species with rapid development are less apt to 
develop malformations than species with slower growing larvae. A number of physical and 
chemical stressors can increase the rate of malformation occurrence, including crowding, 
thermal shock and pollutants (5). 
In studies of chronic atrazine exposure effects on North American anurans, we 
observed numerous malformations among Rana pipiens Schreber larvae (Chapter Two). 
Exposure began about Shumway Stage 25 and continued through metamorphosis. Many 
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individuals with severely kinked tails metamorphosed successfully and appeared normal 
thereafter. Examination of atrazine effects on embryo and larval stages may provide 
insights into the mechanism that causes such malformations. A model system for examining 
the potential teratogenicity of compounds on amphibians is available and approved by the 
US Environmental Protection Agency (EPA) for use in chemical pre-registration tests (6). 
The Standard Guide for Performance of the Frog Embryo Teratogenicity Assay-Xenopus 
(FETAX) is published by the American Society of Testing and Materials (E-1439-91) (7). 
This protocol was initially developed and validated for application in mammalian 
teratogenicity studies. The issue now of interest is whether it can estimate effective 
concentrations (EC50s) of chemicals for malformations in North American amphibian 
species due to environmental exposures. 
Previous FETAX results for atrazine reported by Morgan and others did not 
conclusively define an effective concentration (EC50) for malformation formation (8). Both a 
reconstituted buffer (FETAX solution) and water firom an environmental source were tested. 
They observed 100 percent terata in all concentrations tested for the environmental water 
experiment, reporting it as < 8 mg/L and estimated a lowest observed effective 
concentration (LOEC) by calculation at about 1.08 mg/L (8). The LOEC for the FETAX 
buffer was 11 mg/L, with an EC50 reported as 33 mg/L (8). A commercial formulation was 
used for preparing dilutions (4L) and nominal values only were reported. Obtaining water 
downstream from a golf course may also have been a complicating factor, especially 
because this water was not tested for background levels of chemicals (8). The authors 
suggested that some other chemicals present in the water might have contributed to the 
differences in teratogenicity. Their reported effective lethal concentrations (LCSOs) for the 
4L formulation of atrazine were an [estimated] 100 mg/L for the buffer and 126 mg/L for the 
environmental water (8). 
The primary application area for atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-
triazine) is the US Midwest and southern Ontario (9). A review of the risk presented to 
wildlife species from atrazine exposure provided representative concentrations in off-target 
sites in the environment (10). When precipitation closely follows field application, much of 
the herbicide enters sun-ounding waters. In one Kansas study, spring runoff in May 1974, 
was 1074 (ig/L and only declined to 739 jig/L by June (11). As field runoff flows into larger 
streams, concentrations appreciably decrease. Atrazine in streams in southern Ontario has 
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been recorded at levels from 0.01 to 26.9 jj.g/L, while levels in northern Ohio ranged from 
0.1 to 45.7 ^g/L in 1980 (12). In contrast, standing water of wetlands and impoundments 
near agricultural fields experience slower declines in atrazine concentration than in first and 
second order streams. An early study on atrazine fate in farm ponds produced a 
concentration of 300 i^g/L from an atrazine application in July 1973, which only declined to 
21 ng/L at the beginning of the 1974 application season (13). 
Flooded ditches, farm impoundments and other areas near agricultural lands are 
important, fish-free areas for breeding by amphibians. A recent analysis of breeding anuran 
surveys from Wisconsin and Iowa found that some species are positively associated with 
agricultural areas and field margins (14). Usually a single application of atrazine is made as 
a preemergence spray in spring to eariy summer, when larvae of many amphibian species 
are present in suitable bodies of water. This makes it likely that larvae are subjected to 
atrazine exposure during all or part of their development. 
The most frequently used formulations of atrazine are Aatrex 4L® (4L) and Aatrex 
Nine-0® (Nine-0) (15). Ethylene glycol is the solvent in 4L that keeps the water-insoluble 
atrazine in solution, and comprises 5 % of the formulation. Toxicity studies of ethylene 
glycol produced teratogenic effects in mammals (16). The emulsifiers and surfactants in 
Nine-0 that make it a flowable granular formulation are proprietary information. The toxicity 
of any chemicals included in these materials is not publicly available. We found eariier that 
acetone used as a diluent for technical grade atrazine (99 percent purity) produced 
detectable effects in FETAX and chronic exposure studies, even when present at low levels 
(Chapters Two and Three). Concentrations of 0.02 and 0.03 % v/v acetone influenced rate 
of growth and days to metamorphosis in Acris crepitans and Rana sylvatica, although in 
different directions from the water control. In previous FETAX tests, exposure to 0.5 and 1.0 
% v/v of acetone resulted in dose-dependent increases of terata formation compared to the 
FETAX solution control. This finding contradicts the FETAX protocol (ASTM E-1439-91) 
which states that acetone effects at concentrations below 1.1 % v/v are negligible (7). 
Two FETAX tests with Xenopus were performed with technical grade atrazine, Aatrex 
4L® and Aatrex Nine-0® to examine the effect of solvents in these formulations, if they 
occur. The specific goal for this study was to define the EC50 for technical grade atrazine 
and compare it to EC50s for the most common atrazine formulations as determined in the 
same test procedures. Any difference between atrazine and Aatrex 4L®, might be 
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attributable to the 5 % ethylene glycol it contains as a solvent. Differences observed with 
Aatrex Nine-0® may be related to the clays and surfactants used in preparing the flowabie 
granular formulation. No detectable difference would be evidence that the solvents in these 
products do not have an additional adverse effect. 
Materials and methods 
The Frog Embryo Teratogenesis Assay-Xenopus is a 96-h static renewal acute toxicity 
test which can estimate the LC50, EC50 (terata), the no observed adverse effect 
concentration (NOAEC) and minimum concentration to inhibit growth (MCIG) for chemicals 
by exposing eariy life stages of Xenopus laevis to a range of solution concentrations (7). 
Complete performance of FETAX includes a range-finding test covering five or more 
concentrations of the test material over a broad range of values. Results of this test are 
used to focus the concentrations tested in three replicate FETAX tests around the values 
likely to produce the anticipated endpoint in about half of the test subjects when estimating 
LC50, or EC50. The slope of the concentration response curve is used to estimate the 
NOAEC, while MCIG is determined from the relative lengths of embryos at completion of 
exposure. 
Test organisms 
A large body of information exists on Xenopus laevis, the South African clawed frog, 
and its use as a standard lab animal. Xenopus is fully aquatic and much easier to maintain 
in captive breeding programs than North American species, which are tenrestrial as adults. 
In addition, healthy mated pairs can be induced to reliably produce large clutches of eggs at 
any time of the year (17). The mated pairs that served as embryo sources in this work are 
maintained by the Xenopus Facility at Iowa State University, which has successfully bred 
this species for over 15 years. 
Egg masses were harvested from matings induced by the rearing facility staff. Fertility 
and number of available embryos were evaluated to determine the suitability of each clutch. 
Test runs were initiated on the following dates with egg masses firom the following pairs and 
with the indicated clutch fertility rates: 29 October 1997, Pair 41, 97 % fertility; 4 November 
1997, Pair 42, 99 % fertility. 
118 
The gelatin layer surrounding each embryo was removed with 2 % w/v cysteine (Sigma-
Aldrich St. Louis, MO, USA) according to the FETAX protocol. Sorting and staging of eggs 
was accomplished within four hours of harvest and all procedures began with embryos in 
Nieuwkoop-Faber Stages 8 to 10.5 (17). 
Test solutions 
A stock supply of double distilled water was drawn in sufficient quantity to provide the 
total volume necessary for performing two replicate tests. The still supplying this water uses 
a municipal water source. A Radiometer/Copenhagen meter was used to determine the pH 
(7.43), and Permachem Reagent kits (Hach Company) were used for the remainder of the 
tests: alkalinity 2 mg/L as CaCOj; hardness 0 mg/L as CaCOa; nitrate 0.5 mg/L, nitrite 0.002 
mg/L, chlorine 0.01 mg/L, and ammonia 0.0 mg/L. Four liters of FETAX solution were 
prepared from the stock water supply the day before exposures began for each test 
procedure (7). 
Test chemicals 
Technical grade (99 % pure) atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-
triazine) was obtained from Chem Service (West Chester, PA, USA). Small amounts of 
Aatrex 4L® and Aatrex Nine-0® were provided by a crop specialist with the Iowa State 
Cooperative Extension. The 4L formulation is an emulsifiable concentrate with 40.8 percent 
active ingredient (a.i.). Nine-0 is a water dispersible granular formulation that is labeled as a 
dry flowable, and contains 90 percent a.i. The basic manufacturer for all chemicals is Ciba-
Geigy Agricultural Division (Greensboro, NC, USA). Analytical grade acetone (Sigma-
Aldrich, St. Louis, MO, USA) was used as a diluent for the first dilution step in preparing the 
technical atrazine treatment solutions. This was an effort to dissolve the water-insoluble 
atrazine sufficiently to achieve the desired concentrations. Acetone was not used in the 
commercial formulations because the purpose of these test was to evaluate the effect of 
solvents on atrazine responses. 
An appropriate amount of atrazine was weighed on a Mettler 3000 analytical balance to 
the nearest 0.0001 g before dilution in 2 ml of acetone. When the white crystals of atrazine 
appeared uniformly dispersed in the acetone, this primary dilution was used to prepare 100 
ml of test solution for each exposure concentration. Aliquots of acetone were added to each 
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test solution of atrazine to assure that all concentrations would be exposed to acetone at a 
0.5 % v/v level- The required amounts of the commercial formulations were prepared 
similarly, but with the initial solution prepared in double-distilled water instead of acetone. 
The final 100-ml solutions were prepared fi'om these primary dilutions. 
Samples for later analysis were taken from all test solutions when they were freshly 
prepared. A second sample of each test solution was taken from an exposure dish at the 
conclusion of the test to determine if a significant loss of a.i. occunred over the duration of 
the test. All samples were frozen until assayed. The concentration of a.i. in each sample 
was determined by analysis with enzyme-linked immunoassay test kits obtained from 
Strategic Diagnostics (Newtown, PA, USA). This method has been widely validated as 
comparable to atrazine determinations made with GC or GC/MS (12,18,19). Test solution 
concentrations at the mg/L level required several hundred-fold dilution prior to performing 
the assay. Such dilution was necessary to achieve absorbance readings within the range 
obtained with the assay standards, thereby placing sample results in the most reliable 
portion of the standard curve. 
Test performance 
Test procedures were earned out in accordance with the guidelines as set forth in the 
FETAX protocol (ASTM E-1439-91), with the noted exceptions (7). A range-finding study for 
the pure atrazine had been recently conducted and a further range-finding test for the 
commercial formulations did not appear necessary (Chapter Three). Only two replicate tests 
were conducted, which included concurrent testing of technical grade atrazine and the two 
fomnulations. A series of three definitive tests using technical grade atrazine, along with 
metolachlor, had been recently completed and provided results for comparison to the two 
studies reported here (Chapter Three). Positive controls were included with each test 
performed. Concentrations of 6-aminonicotinamide (CAS # 329-89-5, molecular wt. 137.14) 
of 5.5 mg/L and 2500 mg/L are included to provide a known response between 40 and 60 
percent malfonmations or mortalities, respectively (7). 
For each test, there were four dishes containing FETAX solution, four dishes with 0.5 % 
v/v acetone solvent, and two dishes for each concentration of the positive control (7). The 
number of test vessels available set an upper limit on the number of concentrations 
exposed during each test performance. Because our primary goal was to determine the 96-
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h ECSOs for malformation, chemical concentrations high enough to estimate LC50s were 
not included. The treatment concentrations selected were based on a previous range finding 
test with technical grade atrazine conducted in this lab. Test concentrations of 0.5, 1.0, 2.0. 
4.0, 8.0, 12.0 and 16.0 mg/L a.i. were prepared for atrazine, Aatrex 4L and Aatrex Nine-0. 
This series resulted in a range of ethylene glycol concentrations of 0.061, 0.123, 0.245, 
0.49, 0.98 and 1.47 mg/L respectively, for the 4L formulation. 
Tests were performed at 24®C. Air temperatures were recorded daily during the 
performance of the tests runs on a minimum-maximum thermometer. Minimum 
temperatures averaged 23.4®C ± 0.4''C with a range of 22.5 to 24°C. Maximum 
temperatures were 25.4''C ± 0.9®C with a range of 24 to 27.5''C. Test dishes were arrayed 
on a lab bench in a randomized complete block design. The pH for performance of FETAX 
should be within the range of pH 6.5 to 9.0, although the optimum is pH 7.7 (7). The pH of 
controls and the highest treatment dish were recorded at the beginning and end of each 24 
hours with a Radiometer/Copenhagen pH meter (20). Mean pH for the FETAX buffer 
solutions was pH 7.69 ± 0.07 units for the first test and 7.87 ± 0.07 units for the second. The 
mean pH values from the highest test concentrations over both tests were pH 7.6 ±0.15 for 
atrazine, pH 7.5 ± 0.08 for 4L, and pH 7.46 ± 0.06 for the Nine-0. 
Data collected 
Test vessels were examined for mortalities at 24, 48 and 72 hours prior to changing 
test solutions. All deaths were recorded on standardized data sheets and dead embryos 
removed (17). Exposure dishes were carefully emptied with a disposable transfer pipette 
with minimal disturbance to embryos, then quickly refilled with 10 ml of the appropriate 
solution. At 96 hours, tests were terminated and surviving embryos fixed in 3 percent 
formalin (20). Growth was detemnined by measuring the combined head-tail length of all 
individuals. This procedure was facilitated by placing preserved specimens in a petri dish 
placed on the platfcmi of an overhead projector and projecting the outlines of specimens 
onto a screen at a standardized magnification. Measurements were made on the projected 
image with a Mitutoyo digital micrometer. Calculations of growth inhibition, as ratios of test 
dish mean lengths compared to control dish mean length, were performed on the 
measurements obtained from the magnified images. Terata were scored by observation 
under a dissecting microscope and reference to the Atlas of Abnormalities (17). Terata were 
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recorded and summarized on standard log sheets prepared for FETAX (17). Sample forms 
and data are in Appendix D. 
Statistical analyses 
The statistical software package ToxStat, Version 3.5 (West, Inc. Cheyenne, WY, USA) 
was used for analyzing the results. The distribution of the data did not uniformly permit the 
calculation of EC50 estimates with the trimmed Spearman-Karber method; proportions 
frequently did not bracket the 50 percent response level, as required for this calculation 
(21). By using the inhibition concentration model, it was possible to estimate ECSOs and 
confidence intervals. This is a non-parametric approach to estimate the specified proportion 
of response. Continuous data are interpolated lineariy and bootstrapped estimates of 
variances are generated (21). This approach allowed comparison among the chemicals 
tested, assuming the estimated EC50 values generated in this manner were equally biased. 
Dunnett's test, also available on the ToxStat software, was used to determine the 
minimum difference in order to identify the LOECs for growth inhibition and terata. Microsoft 
Excel Version 5.0c (Microsoft Corporation) was used for making ancillary calculations and 
comparison, such as ANOVA and t-tests for means. 
Results 
A programmable spectrophotometer and assay test kit (Strategic Diagnostics, Inc.) 
were used to perform the EIA that measured the atrazine concentration in solution samples 
(Table 14). A log-transformed linear curve is generated from 0.1, 1.0 and 5.0 jig/L 
standards processed with each set of samples. Standard values (and coefficients of 
variation) obtained in the assay of samples from these two FETAX tests were 0.09 i^ g/L (4.8 
% CV), 1.16 (ig/L (2.5 % CV) and 4.59 i^g/L (0.9 % CV) respectively. A control sample 
included with each EIA test kit, with a reported value of 3.0 ± 0.6 ^g/L, was measured at 
2.88 ng/L The results obtained for the quality controls support the opinion of the author that 
the measured concentrations for atrazine in these two tests more accurately reflect the 
exposure concentrations than the nominal values. 
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Table 14. Comparison of Nominal and Measured Chemical Concentration in Two 
Definitive FETAX Tests with Atrazine, Aatrex 4L ® and Aatrex Nine-0®. 
Chemical analyses were completed with an enzyme linked immunoassay test kit 
from Strategic Diagnostics (Newtown, PA, USA). 
Target Test Atrazine Aatrex 4L ® Aatrex Nine-0® 
0.5 mg/L 1 0.86 1.00 0.79 
1.0 mg/L 1.39 0.95 0.98 
2.0 mg/L 2.78 1.30 2.52 
4.0 mg/L 4.79 5.29 9.79 
8.0 mg/L 12.81 16.92 7.21 
12.0 mg/L 14.15 13.93 7.92 
16.0 mg/L 30.80 33.86 17.68 
0.5 mg/L 2 1.08 0.50 0.52 
1.0 mg/L 0.83 0.75 1.01 
2.0 mg/L 1.78 1.69 1.23 
4.0 mg/L 2.19 4.44 3.61 
8.0 mg/L 7.87 9.90 6.20 
12.0 mg/L 14.97 10.79 14.22 
16.0 mg/L 15.96 16.90 27.24 
The dilution methods for atrazine and both formulations led to difficulty in achieving the 
nominal concentrations. For the technical grade atrazine, this was due to its insolubility in 
water and limited solubility in acetone. Although the measured quantity of atrazine was 
mixed until it was no longer visible in the original dilution, the material may not have been 
uniformly distributed in the acetone at the time it was subsampled for test solution 
preparation. Different problems occurred with the commercial formulations. The small 
volume of 4L needed for the limited quantities of test solutions prepared was difficult to 
handle because of its liquid form. The relatively large granule size of the Nine-0 formulation 
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made it difficult to dispense the small amount of product desired for solution preparation. 
The granules formed a suspension when placed in the 2 ml of water, rather than a solution, 
which required agitation during test solution preparation. By the time the tests were initiated 
the following day, it is assumed the chemicals were fully dissolved, so the concentrations to 
which the embryos were exposed remained uniform during the 96-h exposure period. It is 
assumed that the samples from the exposure vessels better reflect the exposure 
concentrations than the samples taken immediately after diluting the chemicals. 
In spite of the lack of agreement between the nominal and measured values for the test 
solutions, an adequate range of exposure concentrations was still achieved for deriving a 
dose response curve. For calculation purposes, the measured values from the samples 
taken at the termination of exposure are used and reported in all cases. Reporting the levels 
organisms were actually exposed to best helps explain the results when Interpreting the 
data, especially In regard to the malformations examined. The estimated 96-h ECSOs 
(malformation) and their confidence Intervals are presented in Table 15. On initial 
Inspection, there may appear to be little agreement for the same formulation between tests, 
but the confidence Intervals obtained from the non-parametric estimate are similar. ANOVA 
comparing the mean ECSOs for atrazine, 4L and Nlne-0 Indicated no significant difference 
among the three forms of atrazine (P = 0.142, a = 0.05). 
Table 15. Estimated 96-h EC50s (malformation) for Definitive FETAX Tests with Atrazine, 
Aatrex 4L ® and Aatrex Nlne-0®. Estimates from inhibition concentration 
calculations with ToxStat software (West, Inc., Cheyenne, WY, USA) a non-
parametric method that provides 95% confidence Intervals. ANOVA comparing 
means of all formulations found no significant differences (P = 0.142, a = 0.05). 
Test Atrazine Aatrex 4L Aatrex Nine-0 
EC50 C.I. EC50 C.I. EC50 C.I. 
1 1.84 mg/L 1.05-11.6 1.17 mg/L 1.06-1.30 1.12 mg/L 0.77-2.56 
2 3.25 mg/L 1.67-10.25 0.55 mg/L 0.48-0.93 1.26 mg/L 0.99-2.52 
Average 2.55 ± 0.99 mg/L 0.86 ± 0.44 mg/L 1.19 ±0.10 mg/L 
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The result from these two tests indicates the necessity of performing several test runs 
of FETAX before accepting an EC50 or LC50 (17). In this assay, because all test organisms 
within a test are obtained from the same mating, the sample unit for statistical purposes is 
the clutch, not the individual (22). This reduces the genetic variability within each test 
performed, and theoretically the variability in responses obtained, while differences between 
parental pairs may lead to greater variability in the response between clutches. 
The mean values of the MCIG for the two tests are 1.8 ± 0.4 mg/L a.i. for atrazine, 9.1 
± 7.8 mg/L for 4L and 10.7 ± 3.5 mg/L for Nine-0 (Table 16). Exposure concentrations with 
no significant difference from the controls for terata formation were found in half of the 
cases. However, an LOEC (malformation) could not be uniformly identified in either test. 
The pattem of responses suggest that the two clutches of embryos used to perfonn these 
tests were more susceptible to terata formation than to inhibition of growth. The extreme 
example of this is found for the Nine-0 formulation in Test 2. A significant decrease in 
growth compared to the control was not observed until concentrations reached 14.2 mg/L. 
In contrast, even the lowest concentration tested (0.52 mg/L) was adequate for producing 
significantly more terata than the control. 
Table 16. MCIG and LOEC (malformation) from FETAX of Pure Atrazine and Two 
Commercial Formulations of Atrazine. ToxStat software (West, Inc., Cheyenne, 
WY. USA) was used to perform the Dunnett's test for the least significant 
difference. Concentrations listed are the lowest values tested that had a 
significant difference from the control. Values in parentheses are the lowest 
included in the test. ANOVA of MCIG values for all formulations found no 
significant differences (P = 0.4865, a = 0.05). 
Test Atrazine Aatrex 4L Aatrex Nine-0 
Minimum concentration to inhibit growth (MCIG) 
1 1.39 mg/L 1.30 mg/L 7.20 mg/L 
2 2.19 mg/L 16.9 mg/L 14.22 mg/L 
Lowest observed effective concentration (LOEC) (malformation) 
1 1.39 mg/L 0.95 mg/L 0.98 mg/L 
2 < (1.08 mg/L) 1.68 mg/L < (0.52 mg/L) 
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Results from the positive controls included with these test procedures also suggest 
there is considerable between-clutch variation in susceptibility to developmental effects. For 
the first test, the high positive control (2500 mg/L 6-aminonicotinamide) which should 
produce 40 to 60 % mortality only resulted in 8 % in this case. The low concentration (5.5 
mg/L) should produce a median response to malformations, but resulted in 78 % terata in 
the same test. In contrast, controls in the second test were closer to the acceptable ranges, 
with 70 % mortality and 50 % terata formation. 
Edema was the most common malformation found in this study, closely followed by 
failure of the gut to coil, then cardiac and head malformations (17). Spinal deformation could 
occur with or without the occurrence of other terata. It took the form of simple vertical 
flexure (lordosis), to pronounced kinks (scoliosis) or apparent failure to develop. The 
severity of terata increased with concentration, along with the numbers of embryos affected. 
This was most notable among the individuals affected by edema, which became 
pronounced in higher concentrations. The severity of malformations is subjectively noted 
while scoring terata, but the datum from each test vessel used for calculating EC50s 
(malformation) is the percentage of individuals exhibiting any degree of malformation (17). 
Edema and severe spinal deformity were produced by ail compounds, with little 
difference in the expression of terata among the products tested. Individuals illustrating the 
range of responses from ail formulations were randomly selected from the fixed specimens 
and may not represent the worst case examples (Figure 34-36). A typical response to 
atrazine, as demonstrated by growth inhibition and terata formation, is shown in Figure 34. 
As concentration increases there is an evident reduction in length and increasing severity of 
edema and lack of gut coiling. Figure 35 presents two examples from the 16 mg/L a.i. 
(nominal) treatment for all fonmulations tested. In this case, the individual with no 
development of the notochord is particulariy striking. 
Figure 36 demonstrates a form of terata that was recorded frequently in Test 2, but 
which was not seen in Test 1 or other FETAX tests conducted by the author. An apparently 
air-filled space developed behind the gut coil and beneath the spinal cord in numerous 
individuals. This was most noticeable in the 4L and Nine-0 formulations, but was 
occasionally observed In atrazine, as the embryo at the top of Figure 36 displays. 
Depending on the size of this space, the gut would be distorted and pushed aside from its 
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Figure 34. Embryos Exposed for 96 Hours to a Range of Atrazine Concentrations. 
Apparent tail damage during preservation occurred in control animal (top). 
Atrazine exposure concentrations increase from top to bottom individuals (0, 1, 
8,12 and 16 mg/L teclinical grade atrazine). Individuals from FETAX Test 2. 
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Figure 35. Terata Produced by Exposure to16 mg/L Atrazine, a.i, for 96 Hours. Pairs of 
specimens from atrazine (top), Aatrex 4L (middle), and Aatrex Nine-0 (bottonn). 
Individuals from FETAX Test 2. 
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Figure 36. Malformation from Exposure to 8 mg/L a.i. Aatrex 4L and Atrazine. Top 
individual exposed to 4L, lower two to technical grade atrazine. These 
individuals have an apparently gas-filled space in the abdominal cavity that is 
distorting the gut. This condition only observed In FETAX Test 2. 
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normal resting position. Individuals that were extremely edematous were less likely to 
exhibit this effect. 
Discussion 
Morgan and others reported EC50 values of 33 mg/L for atrazine In FETAX buffer and 
estimated a value < 8.0 mg/L for atrazine solutions prepared with water from an 
environmental source, which they thought might have contained a previous chemical (8). 
The average ECSOs obtained in this study, 2.6 mg/L a.i. for technical grade atrazine, 0.9 
mg/L a.i. for Aatrex 4L and 1.2 mg/L a.i. for Aatrex Nine-0, are about 1/30th to 1/40th of the 
highest value reported by Morgan et al. (8). Earlier ECSOs obtained by the author were 13.4 
± S.2 mg/L a.i. for atrazine exposures alone, and 14.3 ± 2.4 mg/L a.i. of atrazine in an 
equivalent concentration of metolachlor (Chapter Three). Inspection of the confidence 
intervals from an earlier study and these results overlap or nearly do so. The EC50 values 
reported here for atrazine and the two commercial formulations suggest that considerable 
vanability in response to atrazine exposure exists within the population of test organisms. 
Some clutches of embryos are much more susceptible to terata formation and other 
developmental effects from chemical exposures. This was noted by other investigators 
using amphibian embryos for single compound and mixed chemical exposures, even at 
environmental levels (S.23). 
A difficulty encountered in preparing small volumes of test solutions prevented exposing 
embryos to the lowest concentrations that were desired. The nominal value of 0.5 mg/L a.i. 
was only achieved in two of the six solutions prepared for that concentration (Tablel 3). 
Problems that arise from the low solubility of atrazine in water could be reduced by 
preparation of larger volumes, such as 10 L rather than 1 L, which pemiits weighing and 
dilution of larger amounts of the chemical. Preparation at least a day prior to test initiation 
allows more time for the atrazine to dissolve, but the initial sample for atrazine analysis 
should be removed after the solutions are uniformly mixed, not when freshly prepared. 
These practices would probably result in better correspondence between nominal and 
measured values than observed here. Because of the discrepancies, calculations and 
interpretations of ECSOs, MClGs and LOECs are based on samples of the test solutions at 
termination of the tests. These better represent the concentrations to which the embryos 
were actually exposed. 
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One goal of this study was to investigate the effect of ethylene glycol on EC50 levels. 
This solvent in the Aatrex 4L® formulation has produced skeletal and craniofacial 
malformations in chronic mammalian reproductive studies (16). The apparent difference 
between an EC5G of 2.55 mg/L for atrazine and 0.86 mg/L a.i. for 4L obtained in this study 
does not represent a significant difference when evaluated by ANOVA or paired t-tests 
(a=0.05). The EC50 values for Aatrex Nine-0® likewise do not represent a significant 
difference from atrazine in its pure form. Any effect that the ethylene glycol has on terata 
formation among Xenopus embryos is not detectable among the terata produced by the a.i. 
The same generalization appears to apply to the surfactants and camers in Aatrex Nine-O. 
The most notable point of the EC50 values found in this study is that increased terata 
and decreased growth are observed in some clutches at atrazine concentrations that 
approach environmental levels. Both commercial formulations resulted in estimated EC50s 
around 1 mg/L. Environmental concentrations of atrazine have been found at this level 
when rain immediately follows heavy applications (10). In contrast, levels near the 0.5 mg/L 
may be found in surface waters adjacent to crop lands more frequently (24). North 
American anuran tadpoles may be subject to atrazine a.i. from formulated products at 
concentrations that produced 50 percent terata in Xenopus embryos in this study. Since the 
relative susceptibility to terata from atrazine exposure among native species is not known, 
there is reason for further study of these effects. 
The MCIG observed for atrazine in this study was 1.79 ± 0.4 mg/L. Previous FETAX 
tests had not been able to detect this lower limit of effect because the lowest nominal 
concentrations tested were 4 mg/L and 8 mg/L (Chapter Three, 8). This response to 
concentrations of atrazine in the 1 to 2 mg/L range may be the most ecologically important 
among the effects observed in this research. Growth rate of larval anurans influences 
success both during eariy aquatic stages and as terrestrial adults (25). Many physiological 
factors, such as fecundity and water balance, and ecological factors, e.g. predator-prey 
interactions, are affected by the size of individuals (25). Growth rates of individuals are 
highly plastic and appear to be influenced by chemical constituents of the aquatic 
environment, in addition to other environmental influences (26). 
The LOEC for terata reported by Morgan et al. is 11.0 mg/L for atrazine (8). This 
compares well with an 11.5 mg/L LOEC for terata we observed eariier (Chapter Three), but 
not the present results. A mean LOEC of 1.1 ± 0.2 mg/L a.i. was found in the first test. In 
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the second test, two of the three products tested resulted in significant differences in 
percent of terata compared to the control at all concentrations. In situ studies with Xenopus 
and European species provided evidence that some clutches of eggs are more susceptible 
than others to terata formation in complex mixtures of agricultural chemicals (5). It has been 
suggested that this feature can be used advantageously for estimating toxicity. However, 
since some of this variability may be related to population level factors, such as exposure 
history, it is necessary to know the average level of response for the strain of amphibians 
used (5). The Xenopus facility at Iowa State University does not rear breeding stock, but 
obtains mature adults fi'om biological suppliers as needed. As a result, there is probably 
considerable variability within the breeding population housed here. If, by chance, the two 
Xenopus matings selected for this study have heightened susceptibility for terata, then an 
explanation for the observed results exists. 
The first and most widespread expression of malformation in this study was edema of 
abdominal, followed by cardiac, areas. In more severely affected individuals, the gut failed 
to coil normally and craniofacial abnormalities occurred. Spinal deformities ranged from 
simple curvatures, usually lordosis with occasional kyphosis, to grossly curled and stunted 
individuals. The curvature was moderately prevalent among all embryos displaying terata, 
while the last cases were uncommon. There is little way of knowing whether the malformed 
embryos observed in the FETAX tests would have overcome these deformities and 
developed normally without retaining them until metamorphosis. 
Two sources suggest that many of the milder forms of chemically-induced terata are 
transient (5,21). Bantle reported embryos that developed edema during FETAX procedures 
have spontaneously recovered from the condition when retained following exposure (21). 
Cook described the two periods of embryo and larval development when malfonnations are 
produced during chemical exposures (5). Between hatch and Gosner Stage 26 (hind limb 
paddles present), the most common deformity is simple curvature in the horizontal or 
vertical plane, which may sometimes proceed to mortality. This type of malformation rarely 
develops after Stage 26. By the time large limb paddles are present (Stage 27), a lateral 
kink is the most common malformation, from which there is frequent recovery before Stage 
30 at onset of metamorphosis. Without growing the tadpoles from embryos through 
metamorphosis, while being exposed to chemicals, there is no means of determining if the 
two stage-related types of deformities are exposure effects (5). 
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The ecological significance of spinal malfonnations during either the embryo or larval 
stage is similar. Developing frogs with impaired mobility are more vulnerable to predation 
(27,28). Do toxicological effects, even if not directly fatal, place populations at risk due to 
altered interspecific interactions? This type of question is best answered in field studies or 
through experimental designs that duplicate field conditions. The first step toward that 
process is exposing test organisms to chemicals in the combinations, formulations and 
concentrations to which they are exposed in the environment. Analysis of atrazine, in the 
formulations most often applied, at concentrations lower than were tested here should be 
pursued. The ECSOs obtained suggest that individuals in the environment may be exposed 
to concentrations high enough to adversely affect a portion of the population. It is difficult to 
assess what this could mean ecologically, but even a small reduction in population size may 
be ecologically significant in declining populations (29). 
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CHAPTER FIVE 
GENERAL CONCLUSION 
General Discussion 
A 1989 review summarized 400 reports, beginning with publications in the mid-1960s, 
which used amphibians as toxicologicai subjects (1). The limited role that amphibians have 
in toxicology may be a consequence of their lack of economic significance. This has been 
paralleled by a lack of research funding (2). However, this situation is changing rapidly. 
During the 1990s, the number of studies on amphibians increased dramatically in response 
to the heightened interest in amphibian populations. An issue that continues to be a 
problem, even with the mounting information on amphibian toxicology, is the difficulty in 
comparing results between reports. This stems fi'om the great variety of species and test 
methods employed by various investigators. 
The studies reported here addressed the issues of which species and which test 
method is best suited for determining the effect of chemical exposures on anurans. Many 
proponents prefer using species native to the geographic region of the study. This is due, in 
part, to the wide range of responses in toxicity tests between individual species, even in 
closely related species (3,4). Many recent studies have been undertaken to protect native 
species, or to understand recently observed local phenomena. Several problems arise in 
relation to this approach. The species of interest may already be endangered, little 
information may be available about the biology of the species, life-history features of this 
species may make it difficult to use as a test subject, and the population may have already 
been subjected to selective pressure from human-induced alterations in the environment 
(5). Some of these problems exist with the species chosen for this work. Cricket frogs {A. 
crepitans) are a species of special concern due to rapidly declining populations in most 
states along the northern edge of their range (6). Northern leopard frogs (R pipiens) have 
suffered population declines, but remain common in agricultural settings where they may be 
subject to selective pressure from chemical exposures (7,8). Wood frogs {R. sylvatica) 
served a comparative role to the other two species. They are not common in agricultural 
habitats, so may not have been subjected to the same type of chemical exposures during 
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recent years. In addition, wood frogs breed earlier and develop faster than the other species 
studied (9). 
The question of test method was addressed by examining a chemical exposure likely to 
occur in the habitats occupied by the species studied. As the most widely used pesticide on 
com crops, atrazine was the clear choice for this work. Although a considerable body of 
information on the toxicity of atrazine exists, there Is surprisingly little information on the 
effects in amphibians (1). Most studies of amphibian response to pesticides report the 
effects of a single compound at levels great enough to produce easily quantifiable 
responses, i.e., mortality (5). Previous atrazine studies were mostly 96-h acute exposures to 
high concentrations, with or without an observational period following exposure (10-13). In 
contrast to earlier work, an effort was made here to test environmentally relevant levels and 
to record endpoints that have biological meaning. I compared the response of three native 
anuran species to chronic exposures of atrazine from the first feeding stages through 
completion of metamorphosis. Exposure concentrations were selected that would duplicate 
the most commonly occumng exposures in nature (low, 30 |ig/L), exposures that 
occasionally occur (moderate, 300 |ig/L), and exposures that reflect the rare occurrence of 
heavy runoff (high, 600 iigIL). 
It was important to include species with different life history strategies, because slow 
growing larvae are considered to be at the greatest risk from chronic chemical exposures 
(14). In natural environments, metamorphic juveniles characteristically emerge from 
breeding habitats in 5 to 10 weeks for A. crepitans, 6 to 9 weeks in R. sylvatica, and up to 
12 weeks for R. pipiens (9). This variation provided animals with two development rates on 
which to test this aspect of life history on susceptibility to atrazine. The species capable of 
the faster development, however, proved to be the most sensitive to atrazine exposure. A. 
crepitans had a dose-related retardation in days to metamorphosis, which may be a critical 
factor in survival for this species. Growth during the fall produces A. crepitans juveniles 
comparable in size to breeding adults (9). Delayed emergence from ponds may not permit 
adequate growth for successful hibernation. Since there is evidence that complete 
population turnover occurs annually in this species, any factors that reduce oven/vintering 
success of juveniles may have serious consequences (15). The late breeding season of A. 
crepitans, from April through July, also suggests it is the most likely of the species studied 
to be exposed to atrazine during the larval period. 
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A consistent trend among all three species tested was lower post-metamorphic body 
weights with increasing concentrations of atrazine exposure. Although this was only 
statistically significant in A. crepitans, it may have biological significance in all species 
tested. Any perturbation of larval growth rate, as demonstrated by post-metamorphic 
weight, may have consequences. Growth rate and size during larval stages influence the 
success in intraspecific competition, susceptibility to predation, and size at metamorphosis, 
which in turn affects survival in the terrestrial environment and ultimate reproductive 
success (15-17). 
Many anurans are susceptible to malformation at several stages of development, with 
some strains demonstrating this response more readily than others. Cooke suggested that 
this occurrence can be a useful toxicologlcal endpolnt (14). To begin investigating this 
possibility, the Frog Embryo Teratogenesis Assay-Xenopus (FETAX) protocol was used to 
examine the response to two commercial formulations of atrazine and the effects from 
atrazine in the presence of another herbicide (metolachlor). These acute tests were 
conducted to provide more information related to real worid exposures. As in the chronic 
tests, mortality was not the selected endpolnt. Based on observations for R. pipiens in the 
chronic study, it appears that some fomns of terata may be prevalent but transient, with 
individuals recovering before metamorphosis. Because of differences in species 
sensitivities, the results obtained with Xenopus may or may not reflect the same sensitivities 
as native species, but the use of Xenopus permits comparison with the toxicity of other 
compounds on Xenopus in the literature. 
Increasing concern about combined effects led to tests for synergy or antagonism for 
chemical mixtures. Calculated additive toxicity indices provide a means of expressing 
chemical interactions in a consistent manner (18). Acute exposure o1 Xenopus embryos to 
atrazine and metolachlor alone, and in an equal ratio (1 ;1) mixture suggests that the effects 
are less than additive; neither is there strong evidence that either chemical is antagonistic to 
the other. Simllariy, the two most frequently used commercial formulations of atrazine have 
toxicities similar to the technical grade chemical used in the chronic studies reported here. 
The range of median effective concentrations (96-h ECSOs, malformation) for technical 
grade atrazine and the two commercial formulations was 0.55 mg/L to 17.3 mg/L. The 
values In combination with metolachlor fell within that range, as well. Estimated EC50s 
(malformation) for metolachlor were 12.4 mg/L to 19.7 mg/L. In combination with atrazine. 
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metolachlor EC50s were reduced to 8.7 mg/L to 14.7 mg/L. The range of these results is 
within one order of magnitude. The results are also within the range reported elsewhere for 
atrazine exposures in FETAX solutions and in surface water (12). It is important to note that 
the EC50 (malformatiom) of 0.55 mg/L determined for Aatrex 4L® in one test is within the 
range of concentrations tested in the chronic studies, and at a rate sometimes encountered 
in the environment. 
The minimum concentrations to inhibit growth (MClGs) estimated from the FETAX tests 
suggest that significant growth inhibition occurs at concentrations much below the estimated 
EC50s for terata. In many tests, the animals exposed to the lowest levels tested (0.5 - 1.0 
mg/L) were significantly reduced in length compared to the controls. These concentrations 
are within the moderate to high ranges tested in the chronic studies and correlate well with 
the trend to reduced early growth observed in A. crepitans in the chronic exposure tests. 
Recommendations For Future Research 
There is reason for concern and further study of the effect atrazine has on North 
American anuran species. Finding detectable differences in growth, days to metamorphosis 
and post-metamorphic weight for A. crepitans means that more work is needed to better 
define the concentrations that produce adverse effects. The FETAX protocol should be 
explored for use with native species as a means of estimating the observed growth 
inhibition over a shorter time frame than is required for chronic studies. If FETAX analyses 
using native species agree with the chronic exposure information, it may provide a tool for 
quickly screening chemicals of concern. 
Other endpoints related to individual health or ecological performance may be more 
informative than the ones used for these studies. Risk of predation is a constant factor in 
anuran lives. As larvae, they fall victim to a wide array of invertebrate and vertebrate 
predators; and the move to terrestrial habitats as metamorphs exposes them to additional 
risks (19). Behavioral changes resulting from chemical exposure during development may 
make them more susceptible to predation. Reaction time, sprint speed and distance have 
been used in exposure studies with other chemicals(20). Study of the applicability of such 
techniques in atrazine exposed-larvae might be pursued. 
There are many reasons for using amphibians for toxicological studies. Their role in 
ecosystems may be of greater significance than commonly assumed (21), unique biological 
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features make amphibians ideally suited for some studies (22), declining populations and 
malformations present a need to better understand environmental exposures (5), and they 
may be useful as indicator species (23). However, there is an urgent need for standardized 
methods and procedures that result in scientifically sound and environmentally relevant 
information. 
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APPENDIX A: GLOSSARY OF TOXICOLOGICAL TERMS 
Active ingredient (a.i.) is the portion a commercially formulated chemical that provides the 
desired effect for which the chemical is applied to a target, such as atrazine in an 
Aatrex ® product used for weed control. It is not the only chennical in the formulation 
which may have an adverse effect on non-target organisms. 
Acute effects occur rapidly as a result of short-term exposure to a chemical. In aquatic 
organisms, effects that occur within a few hours, days or weeks are considered acute. 
Generally, acute effects are relatively severe. The most common one measured in 
aquatic organisms is lethality (1). 
Acute exposures occur when organisms come in contact with the chemical delivered either 
in a single event or in multiple events that occur within a short period of time, 
generally hours to days. Effects may be immediate or they may delayed effects similar 
to those caused by chronic exposure (1). 
Acute toxicity is defined as the concentration of a test substance that produces a specified 
acute effect (usually mortality) to a specified percentage of test animals over a 
specific exposure time, usually 48 or 96 hours, it is expressed as the amount of active 
ingredient or formulation (milligrams) in a given volume of liquid (liters) for aquatic 
exposures (2). 
Acute toxicity tests evaluate the relative toxicity of a chemical to selected aquatic 
organisms though short-temn exposures to various concentrations of the test 
chemical. Short-term is defined as less than or equal to 10 percent of the expected 
lifetime of the organism (1). 
Additive toxicity index is a means of assessing the relative toxicity of chemicals when 
tested as single chemical solutions compared to fixed ratio mixtures. The additive 
toxicity index is derived from the LC50s or EC50s for the single and combined 
chemicals. An additive toxicity index of zero indicates that effects of the combined 
chemicals are only additive, while values greater than zero indicate enhanced or 
synergistic effects in the tested combination (3). 
American Society for Testing and Materials (ASTM) publishes standard guides for the 
performance of test procedures, many of which are approved by the US EPA for 
preregistration testing of chemicals. 
Bioaccumulation is a measure of the internal toxicant level of an organism compared to 
the exposure level in contaminated food it consumes, in conjunction with passive 
uptake of toxicant firom the environment. 
Bioconcentration (BCF) is a measure of the internal toxicant level of an organism 
compared to the exposure concentration in its environment. This assumes that 
toxicants are only taken up passively though skin, gill or lung surfaces. 
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Biomagnification is a trophic level response that occurs in higher order predators when 
each successive lower level of organisms experiences extensive bioaccumulation. 
Chemical Abstracting Service (CAS) maintains a registry of standard chemical names 
and formulations. The unique numbers assigned to registered chemicals may be used 
to specifically identify the active ingredients of pesticide formulations. 
Chronic exposures occur when organisms are subjected to low concentrations of a 
chemical continuously, or at some periodic frequency, over a long period of time 
(weeks, months or years) measured In relation to the organism's life cycle. Chronic 
exposure to chemicals may induce rapid, immediate effects similar to acute effects, in 
addition to effects that develop slowly (1). 
Chronic or subchronic effects occur when a chemical produces deleterious effects as a 
result of a single exposure (i.e. to a strong acid) but more often are the consequence 
of repeated or long-term exposures to low levels of persistent chemicals, alone or in 
combination. A relatively long latency period may precede the expression of these 
effects, particulariy if the exposure concentration is very low. Chronic effects may be 
lethal or sublethal (1). 
Chronic toxicity tests evaluate the relative toxicity of a chemical to selected aquatic 
organisms though long-term exposures to various concentrations of the test chemical. 
Long-term is defined as an exposure period greater than 10 percent of the expected 
lifetime of the test organism (1). 
Developmental toxicants are chemical materials that affect any developmental process 
resulting in embryo mortality, malformation or inhibition of growth (4,5). 
Early life stage (ELS) tests consist of continuous exposure of the sensitive eariy life 
stages: egg, embryo, larva, and fry or tadpole of aquatic organisms to various 
concentrations of a chemical. Such exposures are for one to two months, depending 
on the normal life expectancy and developmental rate of the test species. An estimate 
of MATC can be made from the results (1). 
Embryo-larval and larval subchronic tests are short-cut test methods sometimes used to 
estimate chronic no-effect levels. Because eariy stages may be the most sensitive 
period in an organism's life, some researchers consider these tests as useful as full-
life cycle tests which extend from embryonic development though a reproductive 
event (6). 
Frog embryo teratogenesis assay-Xenopus (FETAX) is a method for assessing the 
relative developmental toxicity of chemicals by exposing early stage embryos of the 
South African clawed frog {Xenopus laevis) to a range of chemical concentrations. 
This is the only standardized toxicological procedure using amphibian species which 
is approved by the US EPA for preregistration testing of chemicals (4). 
Health advisory levels (HAs) for noncarcinogenic compounds are issued by the US EPA 
Office of Drinking Water as technical guidance for the protection of public health; they 
are not enforceable Federal standards. HAs are concentrations of a substance in 
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drinking water estimated to have negligible deleterious effects in humans, when 
ingested for a specified period of time, usually 1 day, 10 days, long-term (7 years) and 
lifetime. Lifetime HAs are calculated from the drinking water equivalent levels (DWEL) 
which, in turn, are based on the oral chronic reference dose (RfD) (2,7). 
Inhibition concentration (iCp) is a point estimate of the concentration that causes a 
specified degree of effect in a sublethal biological measurement of the test organism, 
around which confidence limits may be calculated. The investigator selects the 
percentage before calculation, which is usually 25 to 50 percent reduction in growth, 
reproduction or fertilization compared with the control (8). 
Kd, soil sorption coefficient is a measure of the affinity of a chemical for the surface of 
solid particles. Strength of this adsorption is expressed as the amount of chemical per 
unit of soils or sediments. This value is greatly influenced by the organic matter 
present in soils and the size of soil particles. 
Koc, normalized soil sorption coefficient accounts for the effect that organic matter 
content has on the sorption coefficient of a soil. It is derived by dividing the by the 
percentage of organic matter in the soil, multiplied by 100. Representative Kq^s are 0.6 
on sandy loam, 7.9 on clay loam and greater than 21 on peat. Chemicals with low KocS 
are cam'ed off fields with runoff water, while chemicals with high Koc values are carried 
away with sediments. 
octanol-water partition coefficient is the amount of a chemical dissolved in n-octanol 
versus the amount dissolved in water by a standard separation method. This is a 
measure of lipophilicity and the ability of chemicals to pass through biological 
membranes. Kow effects the and 1^ values for a chemical. It is usually expressed 
as the log Ko«,. The most persistent chemicals have high values, such as DDT, which 
has a Kov, of 24,000. 
Lowest observed adverse effect concentration (LOAEC) is the lowest concentration of a 
tested compound that has a statistically significant deleterious effect on test 
organisms compared to controls in a specific test (1). This may also be referred to as 
the minimum threshold concentration (MTC). LOAEC is applied to concentrations in 
aquatic and inhalation studies, while lowest observed adverse effect level (LOAEL) is 
used for oral and dermal toxicity tests. 
Lowest observed effect concentration (LOEC) is the lowest concentration that produces 
any effects in the test organisms compared to the controls in a specific test (1). The 
distinction between LOAEC and LOEC is necessary because exposed organisms may 
exhibit effects not deemed to be deleterious, such as increasing survival with 
increasing atrazine dose observed among male Sprague-Dawley rats during a two-
year feeding study (9). Oral or dermal exposures produce lowest observed effect 
levels (LOEL). 
Maximum acceptable toxicant concentration (MATC) is estimated from results of partial 
life cycle or full life cycle tests, and is dependent on the concentrations tested. MATC 
is expressed as the range between the highest concentration tested which produced 
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no effects and the lowest concentration which produce any effects, adverse or not 
(NOEC<MATC<LOEC) (1). 
Maximum contaminant level (MCL) is the permissible concentration of a contaminant in 
water delivered to any user of a public water system. 
Median effective concentration (EC50) is the concentration of a chemical that produces a 
specified sublethal effect in 50 percent of the test organisms over a specified 
exposure time (usually 48 or 96 hours) as the result of submersion in the test 
compound- Note that an EC50 is the concentration of the medium to which test 
organisms are exposed, which may or may not be the dose actually taken in by the 
organisms (2). 
Median effective dose (E050) produces a specified sublethal effect in 50 percent of the 
test animals after 14 days exposure to the test substance. The dose is expressed as 
the amount of active ingredient or formulated product per kilogram of animal body 
weight. Oral or dermal exposure route and the test species are included in reported 
ED50S (2). 
Median lethal concentration (LC50) is the concentration of a chemical lethal to 50 percent 
of the test organisms over a specified exposure time (usually 48 or 96 hours) as the 
result of submersion in the test compound. Note that an LC5G is the concentration of 
the medium to which test organisms are exposed, which may or may not be the dose 
actually taken in by the organism (2). 
Median lethal dose (LD50) is the most commonly used measured of acute toxicity. An 
LD50 is the dose at which 50 percent of the test animals die after 14 days exposure to 
the test substance. The amount is expressed as the amount of active ingredient or 
formulated product per kilogram of animal body weight. Oral or dermal exposure 
routes and test species are included with reported LD50s (2). 
Minimum concentration to inhibit growth (MCIG) is the lowest concentration of a test 
material that significantly inhibits growth of exposed organisms compared to controls, 
and as measured by a metric appropriate for the test organism. Evaluation of effects 
in the FETAX protocol includes inhibition of growth as measured by total head-tail 
length of Xenopus embryos Reported values dependent on range of test 
concentrations employed (5). 
No effect concentration cannot be statistically determined. Therefore, the no effect 
concentration is assumed to be the geometric mean (log mid-point) between the 
LOEC and NOEC (1). 
No observed adverse effect concentration (NOAEC) is the maximum concentration of 
the test material that produces no statistically significant harmful effect on test 
organisms in submersion or inhalation studies; alternately expressed as no observed 
adverse effect level (NOAEL) for oral and dermal exposure routes (1). 
No observed effect concentration (NOEC) is the maximum concentration of the test 
material that produces no effect on test organisms in submersion or inhalation 
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studies, expressed as no observed effect level (NOEL) for oral or dermal exposures 
(1). 
Reference dose (RfD) is an estimate of the daily exposure to the human population 
(including sensitive subgroups) that is likely to be without appreciable risk of 
deleterious effects during a lifetime. Reference doses are generally based on data 
from animal studies that are adjusted for scientific uncertainties, which may span an 
order of magnitude. This practice is based on the assumption that thresholds exist for 
certain toxic effects such as cellular necrosis (2). 
Renewal tests expose test organisms in standing test solution, in contrast to flow-through 
exposure chambers. Test solutions and control water are renewed periodically, 
usually every 24 hours (1). 
Static tests expose organisms in standing test solution by adding test material to the 
dilution water to produce the desired concentrations at the outset of the exposure 
period. There is no change of water or test solutions for the duration of the test, 
usually 48 to 96 hours (1). 
Sublethal effects commonly recorded in toxicological studies are behavioral effects 
(swimming, feeding, predator-prey interactions), physiological (growth, reproduction 
and development), biochemical (blood enzyme levels, ion levels, hematological 
characters) and histological changes. Some sublethal effects may indirectly result in 
mortality, such as increased risk of predation (1). 
Teratogenic index (Tl) is a measure of developmental hazard and is defined as the 96-h 
LC50 divided by the 96-h EC50 (malformation). Possible values range from 1 to 3000, 
depending on the nature of the test material. Tl values greater than 1.5 signify a 
greater separation of effective mortality and malformation concentrations, resulting in 
a higher potential for all embryos to be malformed in the absence of significant 
mortality (4,5). 
Teratogens cause abnomrial morphogenesis (malformation) at concentrations lower than 
those required to cause cellular toxicity or adult effects. They are a subset of 
developmental toxicants (4,5). 
Test chambers in toxicity tests with aquatic organisms are defined as the smallest physical 
units between which there are no water connections (10). 
Time dependent tests are conducted for a predetermined length of time to estimate the 
24-, 48-, or 96-h response, such as an EC50 or LC50 (1). 
Toxicants are agents that produce adverse effects in biological systems, seriously 
damaging structure or function, or producing death (1). 
Toxicity is a relative property reflecting the potential of a chemical to produce harmful 
effects on a living organism. It is a function of the concentration and composition or 
properties of the chemical to which the organism is exposed (both externally and 
internally) and the duration of the exposure (1). 
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Toxicity tests are used to evaluate the adverse efTects of a chemical on living organisms 
under standardized, reproducible conditions that pennit comparison with other 
chemicals or species tested and comparison of similar data from different laboratories 
(1)-
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APPENDIX B: CHEMICAL INFORMATION 
Table B.1. Acute and Chronic Toxicity of Atrazine and Metoiachlor. Summarized results of 
several standard mammalian toxicity tests for atrazine and metoiachlor using 
technical grade chemicals. 
Type of study Atrazine Metoiachlor 
Oral LDso, rat 
Oral LDso, mouse 
672 to 3000 mg/kg 
850 to 1750 mg/kg 
1200 to 2780 mg/kg 
IP LDso, rat 235 mg/kg — 
Dermal LD50, 
rabbit 
7500 mg/kg > 10,000 mg/kg 
NOAEL, 
feeding studies 
0.75 mg/kg, 
(dog, 2 yrs) 
90 mg/kg, 
(rat, 90 days) 
Table B.2. Regulatory Standards for Atrazine and Metoiachlor Exposures. MCL/DWHA Is 
maximum contaminant level or health advisory level for drinking water; RfD is 
the reference dose on which the MCL is based; TLV Is the maxmimum 
concentration in air borne exposures. 
Regulated limit Atrazine Metoiachlor 
MCL/DWHA 0.003 mg/L 0.525 mg/L 
RfD 0.035 mg/kg/day 5.0 mg/L 
TLV 5 mg/m^ (8 hours) N/A 
148 
Table B.3. Physical and Chemical Properties of Atrazlne and Metolachlor. 
Property Atrazine Metolachlor 
CAS No. 1912-24-9 51218-45-2 
Chemical family symmetrical triazines chloroacetanilide 
Chemical name 2-chloro-4-ethylamino-6-
isopropylamino-1,3,5-triazine 
2-chloro-N-(2-ethyl-6-
methylphenyl)-N-(2-methoxy-
1-methylethyl) acetamide 
Chemical formula CbH^^CINS C15H22CINO2 
Molecular weight 215.69 238.81 
Description white crystalline solid odoriess, off-white to 
colorless liquid 
Stability stable at room temperature 
and pressure 
Density N/A 1.12at20/4''C 
Specific gravity 1.187 g/cc^ 
Melting point 175- lyyc <25°C 
Boiling point — lOO^C at 0.001 mm Hg 
Vapor pressure 0.0000003 mmHg at 20«'C. 
slightly volatile 
0.000013 mmHg at 20"C. 
slightly volatile 
Solubility 33 mg/L at 25®C, moderate 530 mg/L in water at 20°C, 
insoluble in ethylene glycol 
K. 2.73 
Koc lOOg/mL 200 g/mL 
log 2.68 3.45 
Soil half life 60 to > 100 d, 
> 1 year reported 
Moderately persistant, 
15 to 70 d 
Stability in solution Stable at pH 5 to 9, at 25''C Acids; half life > 200 days 
Bases; half life > 76 days 
Photodegradation Water, 335 d half-life 
Soil, 12 d half-life 
Minimal, only 6.7 percent 
over 30 days 
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Table B.4. Commercial Fonnulations of Atrazine and Metolachlor. 
Feature Atrazine Metolachlor 
Pesiticide 
classification 
Restricted use pesticide 
(RUP); for purchase or use 
by certified applicators, due 
to potential for ground water 
contamination 
General use; certification not 
required for use 
Required label 
wording 
Class III, slighlty toxic 
CAUTION 
Class III, slightly toxic 
CAUTION 
Primary US 
producer 
Ciba-Giegy Corporation Ciba-Geigy Corporation, (a.i. 
produced outside US) 
Available 
formulations 
liquid, dry flowable, flowable 
liquid, water dispersible 
granular, wettable powders 
flowable concentrates, 
emulsifiable concentrates 
Primary product 
names 
Atrazine, Aatrex®, Aktikon, 
Alazine, Atred, Atraznex, 
Atrataf, Atratol, Azinotox, 
Crissazine, Farmco Atrazine, 
Primatol, Simazat, Zeaphos 
Bicep, CGA-24705, Dual. 
Pennant, Pimagram 
Formulations with 
other pesticides 
Bicep (with metolachlor), 
Bullet, Buctril+Atrazine, 
Laddok, Lariat, Marksman, 
Sutazine 
Bicep (with atrazine). Cycle, 
Ontrack 
Application 
practices 
usually single preemergent 
water dispersed spray from 
ground equipment: or in 
combination with liquid 
fertilizers; occasionally 
preplant or post emergent 
applications 
water dispersed sprays from 
ground equipment, aircraft or 
center pivot irrigation systems; or 
with liquid fertilizers 
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APPENDIX C: SUMMARY OF CHRONIC DATA 
Table C. 1. Growth Data and Final Size of Acris crepitans Chronically Exposed to 
Atrazine, 1996. Total weight, snout-vent length (SVL) and total length (TL) at 
outset and first three weeks of exposure to 30, 300 and 600 ug/L atrazine 
with an acetone solvent. Means and standard deviations from four replicates 
with four individuals each. Days to metamorphosis and post-metamorphic 
values based on nine individuals for control and 15 for all other treatments. 
Significant differences from the 0 ug/L control indicated with an * (P < 0.05). 
Week 0 Weekl Week 2 Week 3 
Treatment Avg. SD Avg. SD Avg. SD Avg. SD 
Weight g 
Control 0.026 0.004 0.054 0.004 0.118 0.017 0.187 0.028 
0 ug/I 0.032 0.004 0.061 0.004 0.144 0.013 0.246 0.038 
30 ug/I 0.030 0.003 0.059 0.015 0.144 0.018 0.228 0.047 
300 ug/I 0.025 0.001 0.050 0.004 0.121 0.013 *0.170 0.030 
600 ug/I 0.034 0.006 0.051 0.001 0.139 0.012 0.198 0.015 
SVL, mm 
Control 3.7 0.3 5.5 0.3 7.5 0.3 8.7 0.5 
0 ug/I 3.9 0.1 5.9 0.3 8.1 0.3 9.9 0.4 
30 ug/I 4.0 0.0 5.7 0.2 7.9 0.2 9.5 0.3 
300 ug/I 3.7 0.2 5.7 0.1 7.6 0.2 *8.9 0.3 
600 ug/I 3.7 0.2 5.5 0.3 7.8 0.2 9.4 0.2 
TL, mm 
Control 10.5 0.7 16.0 0.3 21.7 1.3 27.2 3.0 
Oug/I 10.8 0.3 17.1 0.7 24.1 0.8 30.3 1.2 
30 ug/I 11.1 0.2 16.7 0.8 23.5 0.7 29.2 1.4 
300 ug/I 10.6 0.7 16.4 1.0 22.8 0.8 *26.1 1.7 
600 ug/I 10.2 0.3 16.4 0.4 22.7 0.9 27.4 1.0 
Days to metamorphosis Post-metamorphic Weight and Length 
Treatment Avg. SD Avg. SD Avg. SD Avg. SD 
Days Fresh weight, g Dry Weight, g SVL, mm 
Control 67 9 0.268 0.018 0.0292 0.0027 14.38 0.30 
Oug/I 60 4 0.330 0.021 0.0393 0.0040 15.29 0.26 
30 ug/I 63 7 0.316 0.016 0.0364 0.0037 14.71 0.81 
300 ug/I *70 7 0.293 0.014 *0.0333 0.0011 14.48 0.29 
600 ug/I 68 8 *0.287 0.016 *0.0325 0.0011 14.17 0.45 
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Table C. 2. Growth Data and Final Size of Rana sylvatica Chronically Exposed to 
Atrazine, 1996. Total weight, snout-vent length (SVL) and total length (TL) 
at outset and first three weeks of exposure to 30, 300 and 600 ug/L 
atrazine with an acetone solvent. 
Means and standard deviations fi'om six replicates with five individuals 
each. Days to metamorphosis and post-metamorphic values based on 9 
individuals for control and 12, 9, 14 and 13 for the 0, 30, 300 and 600 ug/L 
treatments respectively. 
WeekO Weekl Week 2 Week 3 
Treatment Avg. SD Avg. SD Avg. SD Avg. SD 
Weight g 
Control 0.082 0.011 0.176 0.040 0.309 0.083 0.458 0.134 
0 ug/l 0.075 0.019 0.162 0.013 0.231 0.056 0.354 0.091 
30 ug/l 0.070 0.009 0.157 0.024 0.242 0.045 0.369 0.074 
300 ug/l 0.065 0.007 0.164 0.011 0.263 0.021 0.413 0.075 
600 ug/l 0.055 0.006 0.146 0.015 0.235 0.026 0.399 0.048 
SVL, mm 
Control 5.5 0.1 8.6 0.4 10.9 0.8 13.0 1.1 
Oug/I 5.3 0.2 8.4 0.5 10.0 1.0 11.5 1.1 
30 ug/l 5.4 0.1 8.7 0.2 10.1 0.5 11.5 0.8 
300 ug/l 5.3 0.2 8.7 0.4 10.4 0.5 12.1 0.7 
600 ug/l 5.4 0.3 8.7 0.4 10.3 0.5 11.9 0.6 
TL, mm 
Control 15.2 0.3 24.3 1.1 31.6 3.3 37.1 4.0 
0 ug/l 15.1 0.4 23.3 1.9 28.8 2.2 33.6 3.4 
30 ug/l 15.4 0.2 24.2 0.7 29.5 2.1 34.0 3.3 
300 ug/l 15.4 0.2 24.6 1.0 29.8 1.0 35.1 2.2 
600 ug/l 15.3 0.4 23.4 0.9 29.5 2.1 34.7 1.6 
Days to metamorphosis Post-metamorphic Weight and Length 
Treatment Avg. SD Avg. SD Avg. SD Avg. SD 
Days Fresh weight, g Dry Weight, g SVL, mm 
Control 46 5 0.433 0.080 0.0575 0.0124 16.60 0.93 
0 ug/l 51 5 0.422 0.082 0.0629 0.0229 16.70 1.02 
30 ug/l 50 2 0.426 0.072 0.0585 0.0129 16.60 0.86 
300 ug/l 52 4 0.344 0.029 0.0436 0.0051 15.56 0.35 
600 ug/l 50 4 0.328 0.033 0.0414 0.0063 15.39 0.44 
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Table C. 3. Growth Data and Rnal Size of Rana pipiens Chronically Exposed to 
Atrazine, 1997. Total weight, snout-vent length (SVL) and total length (TL) 
at outset and first three weeks of exposure to 30, 300 and 600 ug/L 
atrazine with an acetone solvent. 
Means and standard deviations from five replicates with five individuals 
each. Days to metamorphosis and post-metamorphic values based on 19 
individuals for the water control and 24, 22, 24 and 26 for the 0, 30 , 300 and 
600 ug/L treatments respectively.. 
Week 0 Week 1 Week 2 Weeks 
Treatment Avg. SD Avg. SD Avg. SD Avg. SD 
Weight g 
Control 0.029 0.001 0.128 0.015 0.313 0.072 0.783 0.267 
0 ug/l 0.028 0.004 0.151 0-008 0.427 0.064 1.136 0.185 
30 ug/l 0.030 0.002 0.131 0.008 0.317 0.072 0.866 0.339 
300 ug/l 0.027 0.002 0.135 0.012 0.351 0.061 0.941 0.205 
600 ug/l 0.029 0.001 0.130 0.019 0.328 0.030 0.872 0.127 
SVL, mm 
Control 5.1 0.1 8.5 0.4 11.3 1.0 15.2 1.9 
0 ug/l 5.2 0.1 9.0 0.3 13.0 0.7 17.6 1.0 
30 ug/l 5.1 0.2 8.8 0.1 12.2 0.9 15.8 2.8 
300 ug/l 5.1 0.3 8.8 0.3 12.3 1.1 16.6 1.3 
600 ug/l 5.1 0.1 8.3 0.4 11.6 0.4 16.3 0.9 
TL, mm 
Control 13.3 0.3 21.7 0.6 29.8 3.6 39.0 4.9 
0 ug/l 13.3 0.3 22.3 0.3 33.3 1.9 44.2 3.5 
30 ug/l 13.3 0.2 22.4 0.9 30.5 2.7 40.5 7.3 
300 ug/l 13.4 0.4 21.8 0.7 31.7 1.3 43.2 2.7 
600 ug/l 13.3 0.1 21.2 0.7 30.1 1.3 43.1 1.7 
Days to metamorphosis Post-metamorphic Weight and Length 
Treatment Avg. SD Avg. SD Avg. SD 
Days Fresh weight, g SVL 
Control 67 9 0.268 0.018 14.38 0.30 
0 ug/l 60 4 0.330 0.021 15.29 0.26 
30 ug/l 63 7 0.316 0.016 14.71 0.81 
300 ug/l 70 7 0.293 0.014 14.48 0.29 
600 ug/l 68 8 0.287 0.016 14.17 0.45 
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APPENDIX D: STANDARD FETAX DATA FORMS 
FETAX SUMMARY SHEET Test No. 'pS^S'p-2 
Test Material Investigator ^ 5- (^uceianda 
Source SeuuSee Lab S.S. 'paman. 641 
CAS No. 1912-24- 9 Lot. No. 1^5. ^  Test Start Dat 21-^- 97 
Composition.Purity 99.0% Test End Date 25-^- 97 
Solvent /tceCone Cone. 0.50% Test Units (i.e., mg/ml) 
PH 
Stock 
Day 1 Day 2 Days Day 4 Day 5 
7.62 7.95 7.7 7.^ 4 7.7  ^
Control - 7.37 7.5  ^ 7.57 7.60 
Highest Cone. - 7.45 7.49 7.76 7.^ 2 
FETAX CONTROL 
No. Dead or Malformed 
X 100 = % 
MORTALITY 
RECORD 
MALFORMATION 
RECORD 
Total Number 
^ W X 100 = j^_% 3  ^ . IMX 100 = 39 % 
Solvent Control ^ Axiote J_ : J0_ X 100 =_A/% 26 : X 100 =29.5% 
Control Length 45.6±_1.0 nm Solvent Control Length 45.5±1.0 mm 
Minimum Concentration to Inhibit Growth (MCIG) taf deteetfd, *^6 6 
TEST MATERIAL I COMPOUND : RESULTS 
TEST MORTALTIY MALFORMATION STATISTICAL TEST USED 
NOEL (»tot cUtenMutted) Mot deteeted. <6.6 "DuMMett^ A 
LOEL (tot cUtenmiKeet) 6.6 (oofeit teateet 'DuMKCtt^ A JLS  ^
LCso (itat cCetaufuMed) ECso 13.9 
95% Confidence limits (ttat eCetenmiHed,) 95% Confidence limits 12.5-17.6 mg/L 
TEST TERATOGENIC INDEX (Tl = LCso / ECso) (not eUten»HutecC) 
POSITIVE CONTROL : 6 AMINONICOTINAMIDE (6-AN) RESULTS 
CONCENTRATION MORTALITY MALFORMATION 
5.5 mg/L 1 ^ x100= _/_% 55 . 99 X100 = 55.5"/^  
2500 mg/L 29 : X100 = 5  ^% 21: 21 100% 
FETAX MORTALITY DATA 
Investigator (^ ttcdandtx Test Material ;4^uifCMe, 99% pwtc 
Date 2 1 2 5 ^  m ?  Test Number "pSDS"?-  ^
Concentration Stocif (ml) FETAX (ml) 24 hr 48 hr 72 hr 96 hr Total No % 
S (nomiMl) 0 0 0 0 0 0 / 0 / 0 / 4 0 2 
(6. 6 MMtfcd) 
12m^U 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
(U.2m<^U) 
16 m j^Jl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
at.^ fK^U) 
20m^U 0 0 0 0 t 0 2 / 3 t 4 t2 4 f 
(22.0 m^U) 
'Psn/tx 4oi. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1,0% /0ce(oHc 0 0 0 0 0 t 0 0 0 t t 0 4 2 
0.5 % ;4ceCoHe t 0 0 0 0 0 0 0 1 0 t 0 4 2 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
PoA. 0 0 0 0 0 3 to t6 to t9 29 <to 76 5S 
FETAX MALFORMATION DATA 
Investigator Test Material fmU 99 % pane 
Date 2t 97. Seoxed Test Number JSOB'P-Z 
t% /tcetOHC 5% 1KA1 lUN HOmitMl tH I^^  
TOTAL MALFORMATION / 2 3 I 2 3 4 / 2 3 4 g-l g-8 12-f 12-2 16-1 16-2 20-1 20-2 
Severe t 2 t 3 4 S 
Stunted I 5 3 9 
Gut fO 6 9 to t5 15 14 ft 5 9 3 6 4 7 4 12 5 9 15 19 75 
Edema 
Multiple 4 2 7 7 7 6 3 5 4 3 6 3 4 5 5 2 5 4 6 34 
Cardiac E 2 5 2 4 6 4 5 3 3 6 5 5 14 9 17 16 75 
Abdominal 7 1 4 2 f f 2 3 10 2 1 ts 
Facial 
Cephalic 
Optic 6 3 / 2 2 f 3 3 6 2 14 
Tail 
Notochord 9 3 3 2 5 2 5 5 4 5 3 6 4 7 5 W 9 6 11 15 67 
Fin 1 1 
Face t t 6 5 5 5 9 4 6 7 7 
Eye 9 7 10 9 10 W n f 5 9 4 g 4 9 9 14 9 11 9 11 76 
Brain 
Hemorrhage 
Cardiac 2 5 S 6 10 g 12 16 73 
Blisters / 
Other-specify 2 5 7 
No. Malformed W g W n 21 t7 15 t4 5 9 4 g 9 13 t6 17 tS 14 21 22 130 
Total No. 25 25 25 25 24 24 25 25 23 25 15 25 24 25 25 26 25 24 22 24 195 
Comments; (t/M) 
Each embryo may have multiple malformations, so 'No, malformed' per dish not total of column above. Totals on right for atrazine only. 
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FETAX MALFORR/IATION DATA 
Test Material lec^Mceal ^tade Investigator A. S- (^ ueccanda 
Test Number 'pSOS'p-Z Date Zt -S5^ m?. Saned. -Pti 
CONCENTRATION No. MALFORMED TOTAL % TOTAL % TYPE 
Controls 
Test units; mg/L 
to 39 40 32 39 ecfc. Hotoe/tenel 
W 11 40 44 a^t eeUma, 
1.0% /^ eeCatc 2! 17 67 S7.5 70.^  6f .4  ^  netoeAvtel ojtei 
n 15 14 60 56 multifiie etUma. 
HotocianeC tful 0.5% /^ ceCatc 5 9 26 21.7 36 29.5 
R 4 26.7 32 mtitttfite eeUma. 
"PM. a^tOui. (^Mv 17 11 55 6^  44 55.5 etfC. Kotoeienet. 
n 11 16 45.^  64 etCema,. a^C 
T^ OA. (^ atOtai. 15 6 21 100 m 100 ttotnc itutt 
.^0(6.6) m^ U 9 13 22 37.5 52 44.9 mtdtiftU ecCemA 
12.0 at. 2) 16 17 33 64 65.4 64.7 eduxA. eaneUac 
t6.0 ai.i) 1^  14 32 72 5^  65.3 Ofc. motoe/ieiui 
20.0 (22.0) m^u 21 22 43 95.5 91.7 93.5 itatne. ofitic 
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FETAX RAW DATA SUMMARY SHEET (96 hr.) 
Investigator A. SufOMMC (^ucecanel» Test Material leeAtUeai /46ta^ uie 
Date Zt -25^ 19^7. Mo>usct 9^ Test Numiser "Pede^-B 
CONCENTRATION % MORTALTIY % MALFORMATION 
eoKfitU 0 3^ % 
0.5 % /^ ettoie 2% 30% 
1.0 % /4eetoMc 2% 6g% 
eottial. Ao» 0% 56% 
^oiiUoe eottul. 5S% fOO% 
g.O (6.6) m^U 2% 45% 
ts.o (ri.2) 0% 65% 
16.0 Itl.i) 0% 65% 
20.0 (22.0) 5g% 94% 
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Figure D.I. Diagram of the Head Region of the Stage 46 (96-h) Larva. A Stage 46 larva is 
recognized by the appearance of the hind limb bud. the coiling of the gut, and 
the shape of the operculum covering the gills. The best indicator that the larva 
has attained Stage 46 is the appearance of the hind limb bud. Gut coiling is also 
easily observed; N = nares, E = eyes, OV = otic vesicle, S = somite, O = 
operculum, H = heart, G = gut, HLB = hind limb bud, A = anus (diagram by 
DeYoung). 
Bantle JA, JN Dumont, RA Finch, and G Linder. Atlas of Abnormalities a 
Guide for the Performance of FETAX. University of Oklahoma University 
Publications, Stillwater, OK, USA. 
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APPENDIX D: SUMMARY OF FETAX RESULTS 
Figure D.I. Data for Range-finding FETAX: Comparison of Technical Grade Atrazine, 
Aione and in Combination with Metolachlor. Means and standard 
deviations for primary FETAX endpoints. Mortality expressed as 
percentage surviving exposure for 96 hours. Terata presented as percent 
of normal embryos per treatment, as determined by dissecting 
microscope examination. Treatments determined to be significantly 
different from the acetone control by Bonferroni t-tests are indicated with 
an asterisk (a = 0.05)(ToxStat, Cheyenne, WY, USA). Nominal values 
appear in parentheses when samples were not available for atrazine or 
metolachlor assays. 
Mortality Terata 
Proportion Proportion 
surviving Std. Dev. normal Std. Dev. 
FETAX Buffer 0.8993 0.1242 0.8573 0.0799 
Atrazine 
0 mg/L 0.8800 0.0000 0.7725 0.0007 
0.76 mg/L 0.9400 0.0283 0.8725 0.0035 
1.62 mg/L 0.9200 0.0566 0.8695 0.0078 
7.95 mg/L 0.9590 0.0014 0.7725 0.0148 
10.0 mg/L 0.8800 0.0566 0.6815 * 0.0205 
25.0 mg/L 0.9800 0.0283 0.0815 * 0.0021 
Atrazine/ Metolachlor 
0 mg/L 0 mg/L 0.8800 0.0000 0.7725 0.0007 
0.39 mg/L 0.14 mg/L 0.9200 0.1131 0.9345 0.0247 
0.79 mg/L 1.29 mg/L 0.9585 0.0587 0.8330 0.0099 
5.57 mg/L 3.67 mg/L 0.8730 0.0665 0.5455 0.0276 
12.5 mg/L (10.0) mg/L 0.8600 0.0849 0.7710 0.0297 
31.1 mg/L (20.0) mg/L 0.0000 • 0.0000 0.0000 0.0000 
Metolachlor 
0 mg/L 0.8800 0.0000 0.7725 0.0007 
0.05 mg/L 0.9800 0.0283 0.8540 0.0297 
2.33 mg/L 0.9200 0.0566 0.8485 0.0219 
4.76 mg/L 0.8930 0.0948 0.7645 0.0389 
9.62 mg/L 0.9385 0.0304 0.4890 0.0156 
19.7 mg/L 0.9200 0.0566 0.2160 * 0.0481 
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Figure D.2. Data for Definitive FETAX 1: Comparison of Technical Grade Atrazine, 
Alone and in Combination with Metolachlor. Means and standard 
deviations for primary FETAX endpoints. Growth determined by measuring 
enlarged images, not actual embryo lengths. Treatment means compared 
to acetone control and expressed as a proportion. Other information as in 
Figure D.I. 
Mortality Terata Growth 
Proportion Proportion Proportion 
sun/iving Std. Dev. Nonnal Std. Dev of control Std. Dev. 
FETAX Buffer 1.0000 0.0000 0.8400 0.0864 1.0000 0.0000 
Atrazine 
0 mg/L 1.0000 0.0000 0.6400 * 0.1776 1.0000 0.0000 
5.2 mg/L 1.0000 0.0000 0.3400 * 0.0283 0.9055 * 0.0177 
9.15 mg/L 1.0000 0.0000 0.2400 * 0.0000 0.8635 * 0.0332 
16.00 mg/L 1.0000 0.0000 0.0000 * 0.0000 0.8360 * 0.0156 
18.00 mg/L 1.0000 0.0000 0.0000 * 0.0000 0.8735 * 0.0078 
Atrazine Metolachlor 
0 mg/L 0 mg/L 1.0000 0.0000 0.6400 * 0.1776 1.0000 0.0000 
3.5 mg/L 4.08 mg/L 0.9800 0.0283 0.5500 0.0424 0.9165 0.0163 
7.9 mg/L 6.33 mg/L 1.0000 0.0000 0.3600 0.0566 0.9005 0.0035 
11.60 mg/L 7.98 mg/L 1.0000 0.0000 0.4200 0.1980 0.8840 0.0071 
12.40 mg/L 11.86 mg/L 1.0000 0.0000 0.0250 * 0.0354 0.8740 0.0325 
12.50 mg/L 11.31 mg/L 1.0000 0.0000 0.0750 * 0.0354 0.3135 * 0.4434 
Metolachlor 
0 mg/L 1.0000 0.0000 0.6400 * 0.1776 1.0000 0.0000 
(8.0) mg/L 1.0000 0.0000 0.6400 0.1131 0.9830 0.0042 
(12.0) mg/L 0.9600 0.0283 0.6585 0.0474 0.9370 0.0042 
(16.0) mg/L 1.0000 0.0000 0.7000 0.0283 0.9480 0.0064 
(20.0) mg/L 1.0000 0.0000 0.2980 0.3649 0.8290 • 0.0184 
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Figure D.3. Data for Definitive FETAX 2: Comparison of Technical Grade Atrazine, 
Alone and in Combination with Metolachlor. Means and standard 
deviations for primary FETAX endpoints. Information as in Figures D.1. 
and D.2. 
Mortality 
Proportion 
sun/iving Std. Dev. 
Terata 
Proportion 
Normal Std. Dev. 
Growth 
Proportion 
of control Std. Dev. 
FETAXBuffer 1.0000 0.0000 0.6100 0.0503 1.0000 0.0210 
Atrazine 
0 mg/L 0.9900 0.0200 0.7083 0.0620 0.9977 0.0213 
6.60 mg/L 0.9800 0.0283 0.5400 0.0849 0.9275 * 0.0417 
11.20 mg/L 1.0000 0.0000 0.3485 * 0.0969 0.9150 • 0.0057 
11.80 mg/L 1.0000 0.0000 0.3530 * 0.0099 0.9295 * 0.0120 
22.00 mg/L 0.9200 * 0.0566 0.0640 * 0.0269 0.8730 * 0.0198 
Atrazine Metolachlor 
Omg/L 0 mg/L 0.9900 0.0200 0.7083 0.0620 0.9977 0.0213 
5.50 mg/L 3.43 mg/L 1.0000 0.0000 0.6200 0.0283 0.9265 0.0262 
8.20 mg/L 5.70 mg/L 1.0000 0.0000 0.4600 0.0283 0.9070 0.0198 
12.40 mg/L 7.50 mg/L 0.8800 0.0566 0.4270 • 0.1793 0.8645 0.0120 
13.80 mg/L 14.98 mg/L 0.0000 * 0.0000 * 0.0000 • 0.0000 
21.30 mg/L (20.0) mg/L 0.8000 * 0.0707 0.0000 * 0.0000 0.2460 * 0.3479 
Metolachlor 
0 mg/L 0.9900 0.0200 0.7083 0.0620 0.9977 0.0213 
6.32 mg/L 0.9800 0.0283 0.6530 0.0014 0.9460 • 0.0085 
9.70 mg/L 0.9600 0.0000 0.5310 0.0156 0.9545 * 0.0092 
17.70 mg/L 1.0000 0.0000 0.3800 * 0.0849 0.8875 * 0.0134 
18.30 mg/L 0.2600 * 0.2546 0.0000 * 0.0000 0.7860 * 0.0255 
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Figure D.4. Data for Definitive FETAX 3: Comparison of Technical Grade Atrazine, 
Alone and in Combination with Metoiachlor. Means and standard 
deviations for primary FETAX endpoints. Information as in Figures D.I. 
and D.2. 
Mortality Terata Growth 
Proportion Proportion Proportion 
surviving Std. Dev. Normal Std. Dev. of control Std. Dev. 
FETAX Buffer 0.9400 0.0516 0.5793 0.0461 1.0000 0.0269 
Atrazine 
0 mg/L 0.9700 0.0386 0.5162 0.0487 0.9625 0.0219 
9.00 mg/L 1.0000 0.0000 0.4600 * 0.0283 0.9040 * 0.0028 
12.20 mg/L 1.0000 0.0000 0.3120 • 0.0113 0.9025 * 0.0049 
19.90 mg/L 0.9600 0.0566 0.1920 * 0.0354 0.9250 * 0.0368 
33.50 mg/L 1.0000 0.0000 0.2050 • 0.0636 0.8940 * 0.0141 
Atrazine Metoiachlor 
Omg/L 0 mg/L 0.9700 0.0386 0.5162 0.0487 0.9625 0.0219 
5.00 mg/L 4.87 mg/L 0.9800 0.0283 0.3065 * 0.0375 0.9150 * 0.0269 
9.50 mg/L 7.42 mg/L 0.9200 0.0000 0.5100 0.0778 0.8970 * 0.0028 
14.60 mg/L 14.30 mg/L 0.9600 0.0000 0.3060 • 0.0198 0.8450 * 0.0325 
19.20 mg/L 11.49 mg/L 0.4600 * 0.4243 0.0000 * 0.0000 0.7445 * 0.0134 
22.10 mg/L 17.92 mg/L 0.0000 * 0.0000 0.0000 • 0.0000 0.0000 * 0.0000 
Metoiachlor 
Omg/L 0.9700 0.0386 0.5162 0.0487 0.9625 0.0219 
6.40 mg/L 0.9200 0.0566 0.5455 0.2185 0.9640 0.0170 
9.07 mg/L 0.9400 0.0283 0.6075 0.0247 0.9585 0.0064 
11.10 mg/L 0.8800 0.1131 0.4125 0.0530 0.9222 * 0.0158 
16.90 mg/L 0.8800 0.0566 0.1905 * 0.0672 0.8770 • 0.0099 
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Figure D.5. Data for FETAX 1: Comparison of Technical Grade Atrazine, Aatrex 4L and 
Aatrex Nine-O Commercial Fomiulations. Means and standard deviations for 
primary FETAX endpoints. Information as in Figures D.1. and D.2. 
Mortality Terata Growth 
Proportion Proportion Proportion 
surviving Std. Dev. Normal Std. De of control Std. Dev. 
FETAX Buffer 0.9900 0.0200 0.9700 0.0200 1.0000 0.0064 
Atrazine 
0 mg/L 0.9900 0.0200 0.8400 0.1810 0.9865 0.0177 
0.86 mg/L 0.9800 0.0280 0.5715 * 0.0163 0.9390 * 0.0170 
1.39 mg/L 0.9800 0.0280 0.3440 •* 0.1923 0.9330 * 0.0396 
2.78 mg/L 0.9800 0.0280 0.3065 * 0.0375 0.9225 * 0.0007 
4.79 mg/L 1.0000 0.0000 0.4000 * 0.0566 0.8250 0.0099 
12.81 mg/L 0.9800 0.0280 0.3475 * 0.0389 0.9260 * 0.0071 
14.15 mg/L 1.0000 0.0000 0.1800 * 0.1414 0.8940 * 0.0113 
30.80 mg/L 1.0000 0.0000 0.2400 * 0.0000 0.8795 * 0.0049 
Aatrex 4L 
0 mg/L 1.0000 0.0000 0.8400 0.1810 0.9865 0.0177 
0.95 mg/L 1.0000 0.0000 0.3800 * 0.0283 0.9615 * 0.0247 
1.00 mg/L 1.0000 0.0000 0.8400 * 0.0000 0.9755 * 0.0134 
1.30 mg/L 1.0000 0.0000 0.2800 * 0.0566 0.9425 * 0.0120 
5.29 mg/L 1.0000 0.0000 0.0600 * 0.0849 0.9440 it 0.0099 
13.73 mg/L 1.0000 0.0000 0.0000 * 0.0000 0.9415 * 0.0078 
16.92 mg/L 1.0000 0.0000 0.0600 0.0849 0.9450 * 0.0014 
33.86 mg/L 1.0000 0.0000 0.0000 * 0.0000 0.9045 * 0.0120 
Aatrex Nine-O 
0 mg/L 1.0000 0.0000 0.8400 0.1810 0.9865 0.0177 
0.79 mg/L 1.0000 0.0000 0.5200 * 0.0000 0.9780 * 0.0113 
0.98 mg/L 1.0000 0.0000 0.3800 * 0.1980 0.9565 * 0.0078 
2.52 mg/L 1.0000 0.0000 0.2800 * 0.0566 0.9635 * 0.0035 
7.21 mg/L 0.9600 0.0280 0.0400 It 0.0566 0.9145 * 0.0106 
7.92 mg/L 1.0000 0.0000 0.0400 •k 0.0566 0.9410 * 0.0085 
9.79 mg/L 1.0000 0.0000 0.3000 It 0.0849 0.9375 * 0.0092 
17.68 mg/L 1.0000 0.0000 0.0400 * 0.0566 0.9035 * 0.0163 
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Figure D.6. Data for FETAX 2: Comparison of Technical Grade Atrazine. Aatrex 4L and 
Aatrex Nine-O Commercial Formulations. Means and standard deviations for 
primary FETAX endpoints. Information as in Figures D.1. and D.2. 
Mortality Terata Growth 
Proportion Proportion Proportion 
surviving Std. Dev. Normal Std. Dev. of control Std. Dev. 
FETAX Buffer 1.0000 0.0000 0.9000 0.0516 1.0000 0.0288 
Atrazine 
0 mg/L 1.0000 0.0000 0.8700 0.0683 0.9865 0.0163 
0.83 mg/L 0.9800 0.0280 0.5090 •* 0.0721 0.9700 0.0028 
1.08 mg/L 1.0000 0.0000 0.4800 * 0.0566 0.9680 0.0014 
1.78 mg/L 1.0000 0.0000 0.5285 * 0.0680 0.9765 0.0148 
2.19 mg/L 1.0000 0.0000 0.4200 * 0.1980 0.9150 * 0.0212 
7.87 mg/L 1.0000 0.0000 0.4000 * 0.0000 0.9340 * 0.0099 
14.97 mg/L 1.0000 0.0000 0.2000 * 0.1131 0.8920 * 0.0014 
15.96 mg/L 1.0000 0.0000 0.0400 * 0.0406 0.8715 * 0.0247 
Aatrex 4L 
0 mg/L 1.0000 0.0000 0.8700 0.0683 0.9865 0.0163 
0.50 mg/L 1.0000 0.0000 0.4000 * 0.0566 0.9810 0.0311 
0.75 mg/L 1.0000 0.0000 0.3600 * 0.0566 0.9925 0.0078 
1.68 mg/L 1.0000 0.0000 0.2400 0.0000 0.9935 0.0219 
4.44 mg/L 0.9800 0.0280 0.4150 0.5869 0.9970 0.0071 
9.89 mg/L 1.0000 0.0000 0.1000 0.0283 0.9720 0.0071 
10.79 mg/L 1.0000 0.0000 0.0800 •* 0.1131 0.9550 0.0042 
16.90 mg/L 1.0000 0.0000 0.0200 * 0.0283 0.9185 * 0.0276 
Aatrex Nine-O 
0 mg/L 1.0000 0.0000 0.8700 0.0683 0.9865 0.0163 
0.52 mg/L 1.0000 0.0000 0.5400 -k 0.1414 1.0065 0.0106 
1.01 mg/L 1.0000 0.0000 0.4800 * 0.0000 0.9745 0.0078 
1.22 mg/L 1.0000 0.0000 0.3600 * 0.1697 0.9750 0.0240 
3.61 mg/L 1.0000 0.0000 0.2200 * 0.0283 0.9590 0.0127 
6.20 mg/L 1.0000 0.0000 0.3000 * 0.0849 0.9630 0.0042 
14.22 mg/L 1.0000 0.0000 0.3200 * 0.0000 0.9350 * 0.0198 
27.42 mg/L 1.0000 0.0000 0.1800 * 0.0849 0.9210 * 0.0014 
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